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ENERGETIC ELECTRON PRECIPITATION INTO THE EARTH’S UPPER 
ATMOSPHERE DRIVEN BY ELECTROMAGNETIC ION CYCLOTRON 
WAVES 
LUISA CAPANNOLO 
Boston University, Graduate School of Arts and Sciences, 2020 
Major Professor: Wen Li, Assistant Professor of Astronomy 
ABSTRACT 
Energetic electrons undergo significant flux variations in the Earth’s outer radiation 
belt, where magnetospheric waves play an important role in changing the energetic electron 
dynamics. In particular, electromagnetic ion cyclotron (EMIC) waves are suggested to 
drive efficient pitch angle scattering of relativistic electrons, which results in relativistic 
electron precipitation into the upper atmosphere. Such precipitation provides an important 
source of energy input into the upper atmosphere, where precipitating electrons can affect 
atmospheric chemistry and ionization. However, the quantitative role of EMIC waves in 
energetic electron precipitation in various regions of the magnetosphere is not fully 
understood. This dissertation aims to answer outstanding open questions on the 
characteristics and quantification of EMIC-driven precipitation, such as the spatial extent 
and the energy range of electron precipitation. The relationship between EMIC waves and 
electron precipitation is evaluated by analyzing magnetic conjunction events when EMIC 
waves are detected in the magnetosphere by near-equatorial satellites (Van Allen Probes, 
GOES) and precipitating electrons are measured by Low-Earth-Orbiting satellites (POES, 
FIREBIRD). Quasi-linear theory is used to quantify the role of various observed 
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magnetospheric waves (e.g., EMIC waves, plasmaspheric hiss, magnetosonic waves) in the 
electron precipitation. Several in-depth case analyses show that EMIC waves are the main 
driver of the observed relativistic electron precipitation, while other waves play a minor 
role. The precipitation events were clearly identified within L shell of ~7.5, favorably near 
the dusk and night sectors. The analysis shows that each precipitation event was localized 
on average spatial scales of ~0.3 DL, suggesting that the resonance conditions are satisfied 
in a very localized region of the magnetosphere. The electron precipitation was observed 
at the expected relativistic (> ~MeV) energies; however, the minimum energy of efficient 
electron precipitation was newly found to extend down to at least ~200–300 keV. The 
quantitative analysis using multi-point measurements combined with theoretical 
calculations in this dissertation provides a more comprehensive understanding of EMIC-
driven precipitation, which is a critical electron loss process in the magnetosphere. 
Moreover, the results are helpful to improve currently existing models of radiation belt, 
ring current and atmosphere dynamics, as well as theories of wave-particle interactions.  
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1 INTRODUCTION 
Similarly to many of the planets in the Solar System, the solar wind drapes around 
the magnetic field of Earth and contains it within a region of space called magnetosphere. 
The boundary of the magnetosphere (i.e.,  magnetopause) separates the solar wind 
environment from that dominated by the Earth’s magnetic field. Without a magnetosphere, 
there would not be life on Earth as we know it. 
The Earth's magnetosphere is a very complex environment, heavily dependent on the 
Sun’s activity. Since the magnetospheric response to solar conditions affects human life 
and activities, the scientific community strives to understand, model and predict the “Space 
Weather”, a term introduced by NASA with the definition: “Space Weather refers to the 
conditions on the Sun, in the solar wind, and within Earth’s magnetosphere, ionosphere 
and thermosphere that can influence the performance and reliability of space-born and 
ground-based technological system and can endanger human life or health”. 
Out of the many Space Weather topics, a very important one is the precipitation of 
energetic particles into the Earth's upper atmosphere. This phenomenon is an important 
loss process of electrons in the radiation belts, which affects the magnetospheric dynamics. 
In addition, precipitation of energetic electrons into the Earth’s upper atmosphere affects 
the chemical composition and ionization levels of the atmosphere, potentially placing a 
threat to communication systems at Earth and influencing atmospheric dynamics. In this 
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dissertation, I explore the precipitation of energetic electrons as a result of wave-particle 
interactions between the energetic electrons trapped in the radiation belts and the 
electromagnetic ion cyclotron (EMIC) waves present in Earth’s magnetosphere. 
1.1 Periodic Particle Motions and the Earth’s Radiation Belts 
Energetic electrons and ions are trapped by the Earth’s magnetic field and undergo 
the typical periodic motions of particles in a dipole magnetic field: the cyclotron motion 
around the magnetic field lines, the bounce motion between the two terrestrial hemispheres, 
and the drift motion around the planet (Fig. 1). Each motion is associated with an adiabatic 
invariant, which is conserved when the timescales of magnetic field variations are longer 
than the timescales of the periodic motions. As a consequence, during geomagnetically 
quiet times, the radiation belt dynamics can be described with the three adiabatic invariants. 
 
Fig. 1: Illustration of the periodic particle motions (gyration around magnetic field lines, bounce 
motion between mirror points, drift around the planet) in Earth’s magnetic field. The pitch angle 
(α) is the angle between the particle velocity and the direction of the magnetic field (B). The loss 
cone is indicated. Figure from https://physicstoday.scitation.org/doi/full/10.1063/1.2970203. 
The first adiabatic invariant is associated with the cyclotron motion of a charged 
particle around the magnetic field line. This adiabatic invariant is the magnetic moment of 
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a charged particle, defined as µ = #$%&'$()*+, = -(-/)*+0$)%&'$(),(*+0$) 	, where p is the particle 
momentum, α (also called pitch angle) is the angle between the magnetic field (B) and the 
particle speed vectors, K is the kinetic energy, c is the speed of light and m0 is the rest mass. 
If the magnetic moment is conserved, particles moving towards the Earth (where B is 
stronger) gain energy in the direction perpendicular to the background magnetic field 
(betatron acceleration). 
The second adiabatic invariant is associated with the bounce motion between the 
mirror points in a dipole magnetic field: as a particle gyrates around a magnetic field line 
and moves towards one of the poles, it encounters stronger magnetic field, thus its parallel 
velocity component will progressively decrease until the velocity will only have a non-zero 
component perpendicular to B, and the particle will reverse its motion moving towards the 
other pole. The location where the particle reverses its motion is called mirror point. The 
adiabatic invariant associated with this motion is the momentum along the field line, 
calculated as 𝑗 = 	𝑚5 ∮ 𝑣//9:;<0=*:>?:< 𝑑𝑙, where v// is the component of the particle velocity 
along the B direction and dl is the length element along the field line. When the second 
invariant is conserved, as a particle moves closer to Earth, the particle gains parallel 
momentum due to shorter field lines (Fermi acceleration). 
There exists a lower limit (loss cone angle, 𝛼CD) of the particle pitch angle that defines 
the boundary between the population trapped within the mirror points and that precipitating 
into the upper atmosphere. The loss cone angle at the magnetic equator is defined as 𝛼CD =𝑠𝑖𝑛HIJ,KLMNOPQ,RSQQPQ , where 𝐵=U;V>:W  is the magnetic field at the equator and 𝐵*?WW:W is the 
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magnetic field at the mirror point (generally assumed at ~100 km of altitude). Particles 
with equatorial pitch angles smaller than 𝛼CD  precipitate into the upper atmosphere without 
bouncing back towards the other hemisphere, whereas particles with pitch angles larger 
than 𝛼CD  are stably trapped by the geomagnetic field lines and undergo the bounce motion. 
Due to the configuration of the Earth’s dipolar magnetic field, charged particles 
undergo azimuthal drift motions as well; more specifically, gradient and curvature drifts. 
The former is due to the radial magnetic field strength variation and the latter is due to the 
curvature of the magnetic field lines. As a result of the Earth’s magnetic field topology, 
electrons drift eastward and ions drift westward (ring current). The adiabatic invariant 
associated with this third periodic motion is expressed as the magnetic flux calculated 
within the drift path: 𝜙 = ∮ 𝑩 ∙ 𝑑𝑨\W?]>	^V>_ , where dA is the area element within the region 
enclosed by the drift path. Another way of expressing the third adiabatic invariant is using 
the Roederer parameter 𝐿∗ = )bcdef = )b,fef$d , where M is the amplitude of the Earth’s 
magnetic moment and BE is the surface magnetic field at the equator (~32,000 nT).  
The combination of the three periodic motions traps the charged particles into two 
toroidal regions surrounding the Earth, called radiation belts or Van Allen radiation belts, 
named after Dr. James Van Allen, who discovered them in 1958 through the Explorer 1 
spacecraft. An illustration of the radiation belts is shown in Fig. 2. 
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Fig. 2: Illustration of the Van Allen radiation belts surrounding the Earth. The magnetic axis is 
offset by ~11° from the rotational axis. The figure is adapted from 
https://en.wikipedia.org/wiki/Van_Allen_radiation_belt. 
The inner radiation belt is located at L shells between ~1.2 and ~2. It mainly consists 
of ~MeV protons with energies up to ~1 GeV, which result from cosmic ray albedo neutron 
decay (CRAND) and also solar proton trapping (Li et al., 2015; Selesnick et al., 2014). 
Electrons at < ~600 keV energies are also present in the inner belt, which can be enhanced 
due to inward radial diffusion (Lyons & Thorne, 1973; Zhao & Li, 2013) or enhanced 
electric fields (Su et al., 2016; Turner et al., 2017). The energies of electrons sporadically 
exceed ~MeV during very intense geomagnetic activity (Baker et al., 2004; Baker et al., 
2007; Turner et al., 2016). 
The outer radiation belt is located at 3 < L < 7 and is mainly populated by energetic 
electrons with energies of several 10s keV up to multi-MeV. While the inner belt is fairly 
stable (over timescales of ~100 days), the outer belt is a very dynamic environment (over 
timescales of ~ hours). Such variability results from the complex balance between the 
electron transport, acceleration and loss mechanisms that affect the morphology and 
dynamics of the radiation belts (Reeves et al., 2003). 
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An example of the outer radiation belt dynamics is shown in Fig. 3, where the solar 
activity (sunspot number and solar wind speed) is displayed together with the 30-day 
averaged fluxes of 2–6 MeV electrons observed by SAMPEX (Solar Anomalous and 
Magnetospheric Particle Explorer, polar satellite orbiting at ~500 km of altitude) over ~20 
years: the electron flux exhibits a significant variability that spans ~3 orders of magnitude. 
2–6 MeV electron fluxes generally peak during the declining phase of the solar cycle, when 
the solar wind speed is typically high (e.g., Li et al., 2013). The solar wind speed is the key 
driver of the electron fluxes in the outer belt (Baker et al., 1986; Kellerman et al., 2013): 
speeds above ~500 km/s are generally associated with high fluxes compared to speeds 
below ~500 km/s. Similar to the electron flux, the inner boundary of the outer radiation 
belt also shows a significant variability, and seems fairly correlated with the Dst index 
(black line in bottom panel), which measures the ring current activity as a result of 
injections from the magnetotail. Stronger Dst conditions lead to inward motion of the 
boundary and, during extreme geomagnetic storms (i.e., the Halloween storm in 2003), the 
outer radiation belt can move inwards to L ~ 2, filling in the so-called “slot region”. The 
slot region is typically associated with reduced fluxes of energetic electrons due to the 
interaction between electrons and plasmaspheric hiss (discussed in section 1.3.1). 
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Fig. 3: Top panel: Sunspot number (black) and weekly averaged solar wind speed (red) in km/s. 
Bottom panel: 30-day averaged electron fluxes at 2 – 6 MeV measured by SAMPEX, with Dst in 
nT (black line) overplotted. The color bar on the left indicates log of the electron flux 
(electrons/s/cm2/sr units). Figure from Li & Hudson (2019), adapted from Li et al. (2013). 
1.2 Plasma Waves in the Magnetosphere 
The high variability of the Van Allen radiation belts is not only influenced by the 
solar wind conditions that can potentially lead to increased geomagnetic activity, but is 
also greatly governed by the complex balance between the mechanisms of acceleration, 
transport and loss of particles. The interactions between various magnetospheric plasma 
waves and trapped particles play a key role in modulating such balance (Reeves et al., 
2003; Thorne, 2010).  
Plasma waves are electromagnetic waves that are excited in the Earth’s 
magnetosphere during geomagnetically active conditions due to particle injections from 
the magnetotail towards the Earth. An overview of the distribution of several types of 
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plasma waves observed around the Earth is shown in Fig. 4. Plasmaspheric hiss is mainly 
observed within the plasmasphere (light blue area), which is a high-density region (~103 
cm-3) of cold (~eV) plasma that co-rotates with the Earth and whose outer boundary is 
called plasmapause. Whistler-mode chorus waves are mainly observed on the dawn side 
(pixeled gray region), while electromagnetic ion cyclotron waves (EMIC) that are effective 
in resonating with radiation belt electrons are often enhanced in the afternoon sector. Ultra-
low frequency (ULF) waves (undulated blue line) and magnetosonic waves (MS, not 
shown) are also extensively present in the magnetosphere.  
In this dissertation, I particularly focus on EMIC waves. However, since hiss and 
magnetosonic waves have also been observed and their effects have been evaluated for the 
analyzed events, a short overview of these wave properties and their distribution is also 
shown below. 
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Fig. 4: Illustration of the global distribution of plasma waves on the Earth's equatorial plane. 
The sun (noon) is on top, dawn is on the right and dusk is on the left. Electrons drift eastward 
(red line) and ions drift westward (blue). The undulated blue line indicates ULF waves, the 
pixeled gray region shows the distribution of chorus waves. Hiss is located within the 
plasmasphere (light blue region) and EMIC waves efficient in resonating with radiation belt 
electrons are mainly in the afternoon sector. The figure is adapted from Reeves et al. (2016). 
1.2.1 EMIC waves 
Electromagnetic Ion Cyclotron (EMIC) waves are electromagnetic waves which 
typically occur in three distinct frequency bands below the gyrofrequencies of hydrogen 
(fcH), helium (fcHe), and oxygen (fcO) (Erlandson and Ukhorskiy, 2001; Fraser et al., 2010). 
EMIC waves with frequencies fcHe < f < fcH are called H-band waves, those over fcO < f < 
fcHe are called He-band waves, and O-band EMIC waves have frequencies below fcO. In the 
magnetosphere, EMIC waves typically have a frequency range of 0.1–5 Hz (Li, Z. et al., 
2014; Meredith et al., 2014; Zhang et al., 2011). An example of an EMIC wave observation 
is in Fig. 5.  
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Fig. 5: EMIC wave spectrum example. The yellow (red, black) solid (dashed, dotted) line is the 
gyrofrequency of Hydrogen (Helium, Oxygen). 
EMIC waves sometimes also appear to have substructures, as shown in previous 
studies (e.g., Matsuda et al., 2018; Nakamura et al., 2014; Nakamura et al., 2019; Pickett 
et al., 2010). An example of EMIC waves with rising tones is shown in Fig. 6. 
 
Fig. 6: Examples of rising tones EMIC waves. Figure adapted from Nakamura et al. (2019). 
EMIC waves are generally left-hand circularly polarized, but linearly polarized 
waves have also been observed at L < 4 (Saikin et al., 2015). Typical amplitudes are within 
the range 0.1 nT to ~10 nT (Anderson et al., 1992), and are highest for the He-band EMIC 
waves in the afternoon sector (Saikin et al., 2015). They approximately propagate along 
magnetic field lines (wave normal angle, WNA < 30°; Saikin et al., 2015), hence are 
detectable by ground-based magnetometers as continuous magnetic pulsations Pc1 (0.2–5 
Hz) and Pc2 (5–10 Hz) waves (Engebretson et al., 2008; Engebretson et al., 2018; Usanova 
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et al., 2008), although they can spread from the original source region due to ionospheric 
ducting (Engebretson et al., 2015; Kim et al., 2010). 
EMIC waves are generally excited during enhanced geomagnetic activity, when hot 
ring current ions are injected from the magnetotail (Fraser et al., 2010; Jordanova et al., 
2008). This excitation is more efficient in the overlap region of ring current ions and the 
plasmasphere (Chen et al., 2010; Pickett et al., 2010) and in dayside plumes (Morley et al., 
2010), thus EMIC waves occur more frequently from post-noon to dusk in the inner 
magnetosphere (Allen et al., 2016; Blum et al., 2017; Chen et al., 2019; Min et al., 2012). 
EMIC waves have also been associated with solar wind velocity fluctuations that drive 
pressure modulations and consequently potentially trigger EMIC waves (Anderson & 
Hamilton, 1993; Arnoldy et al., 2005; Usanova et al., 2010). Waves excited by this 
mechanism are thought to occur throughout the magnetosphere, without a preferential 
location contrary to those excited during ion injections (Cho et al., 2017; Lessard et al., 
2019; Saikin et al., 2015; Tetrick et al., 2017). Rare cases of EMIC wave source regions 
off the equator have also been reported (Vines et al., 2019). 
H-band and O-band EMIC waves dominate in the morning  sector, while He-band 
EMIC waves occur more frequently in the dusk sector (Min et al., 2012), but can span a 
broad magnetic local time (MLT) range for very intense EMIC waves (Tetrick et al., 2017). 
Coordinated measurements from the available spacecraft and ground observations allowed 
Engebretson et al. (2015) to identify the significantly wide spatial extent of the EMIC wave 
activity on 23 February 2014, which covered over 8 hr in UT and 12 hr in MLT. Similarly, 
using multi-point observations from Van Allen Probes (more details on the mission in the 
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Appendix), Blum et al. (2017) statistically showed that dayside EMIC waves are more 
spatially extended, while nightside EMIC waves span a narrower magnetic local time 
(MLT) and persist longer, potentially suggesting different generation mechanisms. 
The occurrence distribution of EMIC waves is shown in Fig. 7 and Fig. 8, 
respectively for lower L shells (from Van Allen Probes, 22-month survey, Saikin et al., 
2015) and higher L shells (from Time History of Events and Macroscale Interactions during 
Substorm satellite, THEMIS, ~4-year survey, Min et al., 2012).  
Matsuda et al. (2018) conducted a statistical study of the EMIC wave distribution 
using the Japanese satellite Arase (formerly known as ERG, Exploration of energization 
and Radiation in Geospace), which covers a wider region (magnetic latitude (MLAT) 
range: - 45° – +45°; L < 9) than that covered by Van Allen Probes. This study revealed that 
EMIC waves tend to have a fine-structure off the equator, mainly in the noon sector. A 
comparison between this study and previous ones (Allen et al., 2016; Anderson et al., 1992; 
Keika et al., 2013; Meredith et al, 2014; Paulson et al., 2017) is shown in Fig. 9. 
 
Fig. 7: Occurrence rate of EMIC waves observed in a 22-month survey by Van Allen Probes, for 
H-, He-, and O-band EMIC waves. Gray areas indicate regions where waves were not observed. 
The sun is on the left. Figure from Saikin at al. (2015). 
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Fig. 8: Occurrence probability of EMIC waves in the H- and He-bands as observed by ~4 years 
of data by THEMIS. The sun is on the right. Figure from Min et al. (2012). 
 
Fig. 9: EMIC wave distribution categorized by different MLATs, collected from various works 
Allen et al. (2016), Anderson et al. (1992), Keika et al. (2013), Meredith et al. (2014), and 
Paulson et al. (2017) in gray, and Matsuda et al. (2018) in red for unstructured EMIC waves and 
blue for fine-structured EMIC waves. Figure from Matsuda et al. (2018). 
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1.2.2 Plasmaspheric hiss 
Plasmaspheric hiss is a whistler-mode wave, which typically exhibits broadband 
emissions at the frequency range of 20–4000 Hz. Plasmaspheric hiss is preferentially 
observed in high-density regions and is mainly located in the plasmasphere and dusk-side 
plumes. It generally exhibits strong right-hand polarization (ellipticity > 0.7) and is fairly 
field-aligned (low WNA). An example of observations of hiss in the plasmasphere and in 
plumes over a non-stormtime period and during a modest substorm is shown in Fig. 10. 
The density profile (panel a) is color-coded to represent the identified region: blue for the 
plasmasphere, magenta for the plume and green for the plasma trough. The plasmapause 
location (dotted vertical black line) is identified by a density gradient of a factor of ~5 
within 0.5 L shells (Moldwin et al., 2002). The plume is the region outside the 
plasmasphere where density is still fairly larger than that in the trough. Fig. 10 shows that 
hiss is significantly modulated by the density within the plume and stable within the 
plasmasphere (Li et al., 2019; Shi et al., 2019; Su et al., 2018). 
Overall, hiss generally persists during quiet times (Thorne et al., 1977), but is 
enhanced during increased geomagnetic activity (Meredith et al., 2004; Tsurutani et al., 
1975). The average hiss wave intensity is larger on the dayside and increases with 
increasing geomagnetic activity from dawn through dusk (Fig. 11, Meredith et al., 2018). 
The wave intensity is ~10–20 pT during quiet times, 10s pT during moderately disturbed 
conditions, and reaches 100s pT during active times (Li et al., 2015; Meredith et al., 2018). 
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Fig. 10: Example of plasmaspheric hiss and hiss in plumes observed by Van Allen Probe A: a) 
electron density with different regions identified with different colors; b) electric and c) magnetic 
spectral density; d) ellipticity, e) wave normal angle; f) wave flag color-coded for 
magnetospheric wave types. Figure adapted from Li et al. (2019). 
1.2.1 Magnetosonic waves 
Magnetosonic waves are also a whistler-mode wave, typically confined within a 
few degrees of the equatorial plane. The upper cutoff frequency of magnetosonic waves 
is the lower hybrid resonance frequency (fLH) and the lower cutoff is the proton 
gyrofrequency (fcH) (Santolik et al., 2004). Magnetosonic waves are observed both inside 
and outside the plasmasphere and generally at all MLT sectors (Boardsen et al., 2016; Ma 
et al., 2019). They are highly oblique waves (WNA > ~ 75°) and linearly polarized 
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(ellipticity ~ 0). An example of MS waves is shown in Fig. 10 at ~18:30 UT, in between 
plume hiss and plasmaspheric hiss. 
 
Fig. 11: Global distribution of averaged wave intensity of plasmaspheric hiss in the L–MLT polar 
plots, categorized by geomagnetic activity (AE index). Observations are from eight satellites and 
span approximately 3 years of data. Adapted from Meredith et al. (2018). 
The global distribution of magnetosonic waves is shown in Fig. 12 from the 
statistical survey of MS waves in Ma et al. (2019). Magnetosonic wave amplitude over 
the frequency range from fcHe (Helium gyrofrequency) up to fLH is the order of a few pT 
to a few 100s pT, either inside or outside the plasmasphere. Magnetosonic waves have 
the highest intensity during perturbed conditions and near the equator. 
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Fig. 12: Global distribution of the root-mean-square amplitude (RMS, Bw) of the magnetosonic 
waves within (a, b, c) and outside (d, e, f) the plasmapause, under different levels of geomagnetic 
activity. AE* is the maximum AE index value in the preceding 3 hours. fLHR= fLH. Figure adapted 
from Ma et al. (2019). 
1.3 Wave-Particle Interactions 
As mentioned, magnetospheric plasma waves can interact with charged particles 
trapped in the magnetosphere and significantly affect the dynamics of the radiation belts 
(Thorne, 2010), driving either particle loss or particle acceleration. While whistler-mode 
chorus waves play an important role in local acceleration of electrons (e.g., Horne and 
Thorne, 1998; Li et al., 2014; Summers et al., 2002; Thorne et al., 2013), pitch angle 
scattering due to various plasma waves also leads to precipitation loss of electrons into the 
upper atmosphere (e.g., Li et al., 2007; Millan & Thorne, 2007; Thorne, 2010).  
Specifically, wave-particle interactions occur when the resonance condition is 
satisfied 𝜔 − 𝑘//𝑣// = 𝑁Ω=/𝛾. In this equation, ω is the wave frequency, k// is the wave 
number parallel to B, v// is the velocity component parallel to B, N is the resonant harmonic 
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order, Ω is the electron cyclotron frequency, and γ is the relativistic factor expressed as 𝛾 =(1 − 𝑣)/𝑐))HI/), 𝑣 = (𝑣//) +	𝑣p))I/). The left-hand term of the equation can be interpreted 
as the Doppler-shifted wave frequency, thus there is resonance between the wave and the 
particle if the Doppler-shifted wave frequency is equal to a multiple number of its 
relativistic cyclotron frequency (Summers, 2005). When such condition is satisfied, 
adiabatic invariants can be violated and processes of acceleration or loss take place. In 
general, electrons that resonate with ULF waves violate the third adiabatic invariant and 
undergo radial transport, while electrons resonating with whistler-mode waves violate the 
first and second adiabatic invariants through energy diffusion (e.g., chorus) and/or pitch 
angle diffusion (e.g., EMIC), either driving acceleration to higher energies or precipitation 
into the upper atmosphere (e.g., Horne & Thorne, 1988; Li et al., 2007; Summers, 2005).  
In this dissertation, I only focused on the loss mechanism specifically driven by 
EMIC waves, but also considered the effects of plasmaspheric hiss and magnetosonic 
waves if these waves were observed. For EMIC waves, the resonance condition is satisfied 
for N = –1, and since the wave frequency is much lower than the electron gyrofrequency, 
the resonance occurs when the wave vector is along the same direction of the electron 
motion, as illustrated in Fig. 13.  
A brief overview of quasi-linear theory is described in the section below, followed 
by the effects of wave-driven loss due to interactions between electrons and EMIC waves, 
plasmaspheric hiss, and magnetosonic waves from both observations and quasi-linear 
simulations. 
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Fig. 13: Cartoon of the geometry of the EMIC-electron interaction. Courtesy of Wen Li. 
1.3.1 Quasi-Linear Theory 
One commonly used approach to describe wave-particle interactions and their effects 
on electron dynamics is quasi-linear theory (Kennel & Engelmann, 1966; Kennel & 
Petschek, 1966; Summers et al., 1998), where the effects of waves on the particle 
population are treated as diffusion. In quasi-linear theory, the waves are assumed to have 
small amplitudes and broadband structures, with wave intensities averaged over space and 
time (Schulz & Lanzerotti, 1974). Mathematically, quasi-linear theory is described by the 
Vlasov equation (that describes kinetically the evolution of the particle distribution in space 
and momentum), in which the particle distribution function is expanded to second-order 
perturbed quantities, averaging out the wave fields (Summers, 2005), whose dispersion 
relation is obtained by solving Maxwell’s equations. Such approximation is acceptable 
when the distribution function of the particles averaged over space changes slowly 
compared to the growth rates of the waves (Kennel & Engelmann, 1966). The resulting 
wave 
B
e- 
v
k
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equation is called Fokker-Plank equation, which has the following form in three 
dimensions (Schulz and Lanzerotti, 1974): 𝜕𝑓𝜕𝑡 = 𝐿∗) 𝜕𝜕𝐿∗tuv w𝐷C∗C∗𝐿∗H) 𝜕𝑓𝜕𝐿∗tuvy + 
+ 1𝑆{𝛼=U| sin 𝛼=U cos𝛼=U 𝜕𝜕𝛼=U^C∗ 𝑆{𝛼=U| sin 𝛼=U cos𝛼=U 〈𝐷KLKL〉 𝜕𝑓𝜕𝛼=U^C∗ + 
+ 1𝑆{𝛼=U| sin 𝛼=U cos𝛼=U 𝜕𝜕𝛼=U^C∗ 𝑆{𝛼=U| sin 𝛼=U cos𝛼=U 〈𝐷KL^〉 𝜕𝑓𝜕𝑝tC∗KL + 
+ 1𝑝) 	 𝜕𝜕𝑝tC∗KL 𝑝) 〈𝐷KL^〉 𝜕𝑓𝜕𝛼=U^C∗ + 1𝑝) 	 𝜕𝜕𝑝tC∗KL 𝑝)〈𝐷^^〉 𝜕𝑓𝜕𝑝tC∗KL. 
Here, f is the electron phase space density (PSD), which is associated with electron 
energy flux j as 𝑓 = 𝑗/𝑝), 𝛼=U  is the equatorial pitch angle, t is time, p is the particle 
momentum, 𝑆(𝛼=U) is a function associated with the bounce period, and the D terms are 
the diffusion coefficients for radial diffusion 𝐷C∗C∗, pitch angle diffusion 𝐷KLKL , 
momentum diffusion 𝐷^^, and the mixed pitch angle and momentum diffusion 𝐷KL^ =	𝐷^KL . Here, L* represents the distance from the Earth's center to the field line at the 
equator if the magnetic field was adiabatically relaxed to a dipole field, defined in section 
1.1. 〈𝐷〉 indicates that the quantity D is averaged over a bounce period. More intuitively, 
the diffusion coefficients provide an estimate of the rate of variation of the considered 
quantity; for example, the pitch angle diffusion coefficient estimates the pitch angle change 
over the duration of the wave-particle interaction and gives a timescale (~1/D) of the 
diffusion process. The diffusion coefficients depend on the wave spectral properties and 
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background plasma conditions. The Fokker-Plank equation can be solved with numerical 
methods and its solution provides the evolution of the electron phase space density as a 
function of pitch angle, energy and L*. 
Although quasi-linear theory has reproduced the observed electron dynamics in many 
studies (e.g., Albert et al., 2009; Li et al., 2016; Ma et al., 2018; Tu et al., 2014; Xiao et al., 
2014; Zheng et al., 2014), it still has some limitations. In order to calculate the diffusion 
coefficients, the corresponding wave dispersion relation is required and often needs some 
assumptions and simplifications. For example, the wave dispersion relation can be 
simplified for cold-plasma approximation for EMIC waves, however, hot plasma effects 
should also be taken into account (Chen et al., 2011). To avoid making assumptions on the 
wave dispersion relationship, Chen et al. (2019) introduced a new technique that does not 
assume any information on the ion composition or the background magnetic field, but 
solves the Maxwell’s equations from the wave field data (see Chapter 4.3 for more details). 
Moreover, quasi-linear approximations may become invalid for waves that exhibit discrete 
structures with large amplitudes (such as rising tones chorus waves). Researchers have 
been evaluating not only the non-linear interactions through test-particle simulations 
(Denton et al., 2019; Hendry et al., 2019; Nakamura et al., 2019), but also bounce-resonant 
interactions (Blum et al., 2019; Wang et al., 2018) and non-resonant interactions (Chen et 
al., 2016). Exploring all these theories is beyond the scope of this dissertation and the 
analyzed studies only focus on using quasi-linear theory to compare with observations. 
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1.3.1 EMIC-driven pitch angle scattering 
The EMIC waves interact with protons and electrons via cyclotron resonance and are 
most efficient in pitch-angle scattering rather than energy diffusion (Summers et al., 1998). 
Ring current protons with energies of 10s–100s keV can be scattered into the loss cone due 
to EMIC waves (Cao et al., 2016; Summers et al., 2017; Xiao et al., 2011), and have been 
found to produce isolated proton aurora (Miyoshi et al., 2008; Yuan et al., 2010). Miyoshi 
et al. (2008) discussed a case study where clear isolated proton aurora (Fig. 14) was 
observed by the Athabasca observatory in Canada simultaneously with ground-based 
EMIC wave activity and precipitation of 30–240 keV protons and relativistic and ultra-
relativistic electrons. Cao et al. (2016) run quasi-linear simulations for proton pitch angle 
scattering driven by EMIC waves and an example of their results is shown in Fig. 15. The 
calculations are shown for different EMIC wave bands by assuming a dipole magnetic field 
and nominal wave amplitudes of 0.2 nT. The diffusion coefficient is shown as a function 
of energy (y axis) and pitch angle (x axis) and color-coded in s-1 units with the colorbar on 
the right side. A high diffusion coefficient corresponds to an efficient scattering and a short 
wave-particle interaction timescale. Diffusion coefficients are higher for higher L shells 
and strongly dependent on the EMIC wave bands. H-band waves can diffuse 1–10 keV 
protons, while He-band and O-band drive efficient precipitation of 10s keV protons, 
however, these results also depend on the wave amplitude assumed in the simulation, thus 
the diffusion coefficients can be higher for stronger waves. 
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Fig. 14: A proton aurora observed at Athabasca (Canada) on 5 September 2005 simultaneously 
with EMIC wave activity. A) photograph of the isolated proton auroral arc. b) Auroral image at 
H Balmer b wavelength where the proton aurora arc is highlighted with an orange rectangle. 
Figure from Miyoshi et al. (2008). 
 
Fig. 15: Bounce-averaged pitch angle diffusion coefficients as a function of energy and 
equatorial pitch angle, for a dipole magnetic field model, categorized for three different EMIC 
wave bands with wave amplitudes of 0.2 nT. Figure from Cao et al. (2016). 
Similarly, the efficiency of EMIC-driven pitch angle scattering for electrons depends 
on several parameters, such as the ratio of plasma frequency to electron gyrofrequency 
(fpe/fce), ion composition, etc. So far, theoretical and simulation studies predict that EMIC 
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waves can efficiently drive precipitation of > ~MeV electrons only, but this threshold 
(minimum resonant energy, Emin) can be lowered for high values of fpe/fce (high-density 
regions), or if the EMIC wave power is high close to an ion gyrofrequency (Cao et al., 
2016; Jordanova and Miyoshi, 2005; Jordanova et al., 2008; Li et al., 2007; Meredith et al., 
2014; Summers & Thorne, 2003; Summers et al., 2017). At the same time, when EMIC 
waves approach the ion gyrofrequency, hot plasma effects caused by the presence of ring 
current ions (He+ and H+) account for wave damping near the ion cyclotron frequency, 
raising again the Emin to > ~1 MeV (Chen et al., 2011).  
An example of the pitch angle scattering diffusion coefficients in the cold plasma 
quasi-linear theory is shown in Fig. 16, where the Emin threshold is lowered for higher f = 
fpe/fce ratio and frequencies closer to the helium cyclotron frequency. In addition, EMIC 
waves are most efficient in precipitating low-to-mid pitch angle electrons into the loss 
cone. 
 
Fig. 16: Bounce-averaged pitch angle diffusion coefficients in units of log10(days-1) for EMIC 
waves at L=4.5 and ion composition 70% H+, 20% He+, 10% O+. Figure from Li et al. (2007). 
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Due to the characteristics of diffusion coefficients, the effect of EMIC-driven pitch 
angle scattering on the electron phase space density (PSD) generally leads to dropouts that 
resemble minima at localized L shells, which deepen as time progresses during EMIC wave 
activity. The dropouts are also more evident for increasing values of first (µ) and second 
(K) adiabatic invariant (Shprits et al., 2017; Su et al., 2016), which correspond to EMIC 
waves scattering higher-energy electrons at lower pitch angles more efficiently. Shprits et 
al. (2017) showed an illustration (Fig. 17) of such effect and compared the simulated PSD 
evolution caused by gradual losses driven by hiss waves (Fig. 17a), by outward radial 
diffusion (Fig. 17b), and by EMIC-driven scattering (Fig. 17c). 
 
Fig. 17: Evolution of electron PSD as a function of L* for: a) gradual loss such as hiss-driven 
scattering, b) outward diffusion, c) local loss such as EMIC-driven scattering. The gray thick line 
indicates the initial condition and the colors show the time evolution. Figure from Shprits et al. 
(2017). 
1.3.2 Pitch angle scattering due to plasmaspheric hiss and magnetosonic waves 
The electron precipitation driven by plasmaspheric hiss through pitch angle 
scattering, together with radial diffusion driven by ULF waves, accounts for the slot region 
between the inner and outer radiation belts (Li et al., 2015; Lyons & Thorne, 1973; Ma et 
al., 2016; Ni et al., 2013). Two examples of the quasi-linear pitch angle diffusion 
coefficients during moderately disturbed conditions (-500 nT < AL* < -100 nT, AL* 
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indicating the minimum AL value in the previous 3 hours) are shown in Fig. 18. The left 
(right) panel shows Daa for hiss average intensity of 31 (24) pT at L = 3.5 (5.5).  
 
Fig. 18: Drift and bounce-averaged pitch angle diffusion coefficient due to plasmaspheric hiss at 
L = 3.5 and L = 5.5, during modest geomagnetic activity (-500 < AL* < -100 nT). The diffusion 
coefficient is plotted as a function of energy (y axis) and pitch angle (x axis). Figure from Ma et 
al. (2016a). 
From the examples and previous studies, plasmaspheric hiss is effective in scattering 
of electrons at mid-to-low pitch angles. If we consider efficient scattering for diffusion 
coefficient at least of 10-5 s-1, then the approximate energy range of electrons scattered is 
from 10s keV up to ~1 MeV, with the highest diffusion coefficient around ~300 keV (Li et 
al., 2015; Ma et al., 2016a). The timescale corresponding to Daa = 10-5 s-1 is approximately 
of 1 day, therefore hiss generally scatters electrons on timescales of ~day for electrons from 
tens to hundreds of keV. Lower values of Daa, which correspond to ultra-relativistic 
electrons (> ~1 MeV), drive scattering less efficiently and on much longer timescales. 
Due to hiss scattering, the electrons at lower energies (few 100s keV) exhibit 
anisotropic (or “top-hat”) pitch angle distributions, while become more flattened at higher 
energy (several 100s keV). An example of these results is shown in Fig. 19. The pitch angle 
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distributions are calculated by solving the 2D Fokker-Plank equation (Ma et al., 2016a) for 
the hiss at L = 3.5 and plotted at different time stamps over 11–17 November 2015, when 
Van Allen Probes observed hiss activity. The phase space density from Van Allen Probes 
is also shown for comparison. The simulation at low energy shows that, as time progresses, 
the hiss scattering depleted lower-energy electrons at pitch angles < ~50° resulting in an 
anisotropic distribution peaking at 90° (Ma et al., 2016a; Ni et al., 2013). Higher pitch 
angle electrons instead were not scattered efficiently because the diffusion coefficient was 
much lower. For higher energy electrons (panels g and h), the distribution was instead 
flattened because the diffusion coefficient was uniformly high at pitch angles > 50°.  
Plume hiss is also responsible for scattering energetic electrons and, since plume hiss 
typically has higher wave amplitudes than the plasmaspheric hiss (Shi et al., 2019; Su et 
al., 2018), it is more efficient than the scattering driven by plasmaspheric hiss. A case study 
analyzed by Li et al. (2019) demonstrated that a significant electron precipitation event 
observed at low orbit was indeed driven by plume hiss rather than plasmpasheric hiss.  
The highly oblique magnetosonic waves are overall inefficient in driving pitch angle 
scattering of electrons into the loss cone, but have some effects in accelerating electrons 
(Horne et al., 2007; Ma et al., 2016b). Magnetosonic waves have been recently found to be 
responsible for forming the butterfly pitch angle distributions of electrons at energies 
between 100s keV up to a few MeV (Hua et al., 2019; Maldonato et al., 2016; Zhao et al., 
2014). 
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Fig. 19: Pitch angle distribution of electron phase space density at L=3.5 for the hiss observed 
over 11-17 November 2015, for different energies of electrons. Panels a – d: Van Allen Probes 
observations. Panels e– h: simulation results. Figure from Ma et al. (2016). 
1.4 Observations of EMIC-driven particle precipitation  
Precipitation of radiation belt electrons into the atmosphere has been observed at 
relativistic energies (> ~1 MeV) and linked to EMIC wave activity for a few case studies 
(Blum et al., 2015; Clilverd et al., 2015; Li et al., 2014; Miyoshi et al., 2008; Rodger et al., 
2015; Woodger et al., 2018). A case study by Li et al. (2014) reports a precipitation event 
in association with EMIC waves observed at different times by three balloons from the 
Balloon Array for Radiation-belt Relativistic Electron Losses (BARREL) mission (Millan 
et al., 2013). For BARREL 1G, the precipitation lasted ~20 minutes and occurred at MLT 
~ 22 and L ~ 6.5, however, no further investigation was conducted on the relativistic 
electron precipitation (REP) events observed by the other two balloons. Blum et al. (2015) 
also used BARREL to relate EMIC waves to the observed precipitation over 18–19 January 
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2013, but the precipitation events were almost one day apart and most likely not related to 
the same EMIC waves. The REP event around the end of 18 January 2013 was further 
analyzed by Clilverd et al. (2017): precipitation was observed by BARREL 1C and 
BARREL 1D, at different times and locations. They concluded that these observations 
could be explained as dusk side precipitation patches drifting westward with sizes of 1.5–
3.5 hr in MLT. 
Since both protons and electrons can interact with EMIC waves via cyclotron 
resonance, Carson et al. (2013) developed an algorithm to identify potentially EMIC-driven 
precipitation events by using the low altitude POES constellation (more details on the 
mission in the Appendix). An EMIC-driven event is identified by the algorithm when 
spikes in the P1 and E4 channels occur simultaneously. The authors used ~2-3 years of 
data to identify 2,331 proton precipitation events associated with REP events, mostly at L 
shells between 3 and 7 and near dusk, as shown in Fig. 20. Other statistical studies that 
focused only on the electron precipitation also revealed that REP events occur mainly in 
the afternoon-midnight sector (Qin et al., 2018; Shekhar et al., 2018; Yahnin et al., 2017), 
in agreement with the favorable location of EMIC wave enhancements in association with 
ring current injections (Morley et al., 2009; Pickett et al., 2010; Usanova et al., 2008).  
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Fig. 20: Distribution of potentially EMIC-driven precipitation events detected by the automated 
algorithm described in Carson et al. (2013). The Sun is on top. Figure from Carson et al. (2013). 
In the magnetosphere, EMIC-driven precipitation leads to losses of electrons at lower 
pitch angles and mainly at relativistic energy, causing narrowing of pitch angle 
distributions around 90° (Bingley et al., 2019; Usanova et al., 2014; Zhang et al., 2016). 
Usanova et al. (2014) analyzed REPT data from Van Allen Probes from 9 October to 29 
November 2012. The spin-averaged differential electron flux at several ~MeV is reported 
in Fig. 21. The electron pitch angle distribution showed several changes over time, often 
narrowing around 90° in pitch angle (bite-outs in low pitch angles). They also recorded 
EMIC wave activity (bottom panel) through a survey with two ground-based 
magnetometers at L ~ 4–4.5. The study revealed that bite-outs in the magnetosphere were 
often correlated with EMIC wave activity, suggesting that indeed EMIC waves account for 
narrowing the pitch angle distribution of ultrarelativistic electrons around 90°. 
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Fig. 21: Electron flux (from REPT, Van Allen Probes) as a function of pitch angle at L*=4.5 at 
three different energies. Bottom panel: EMIC wave occurrence from L=4–4.5 recorded at 
ground. The green arrow indicates the EMIC wave event on 11 October when no REP or bite-out 
events were observed. The purple arrow indicates the UT time of Dst minimum on 13 October. 
Figure adapted from Usanova et al. (2014). 
Another case study by Zhang et al. (2016) showed similarities with the study 
discussed above. Specifically, the bite-out feature was observed simultaneously with EMIC 
wave activity observed by both Van Allen Probes (Fig. 22, vertical dashed line) within ~40 
mins. The authors have also calculated the PSD as a function of pitch angle for both probes 
at several energies, and found that lower-energy electron distributions were not affected 
much, while higher-energy electron fluxes decreased at low-to-mid pitch angles (Fig. 23). 
Another signature of EMIC-driven precipitation in the magnetosphere is represented 
by PSD dips that deepen at higher energies and lower pitch angles, as discussed in the 
section before. An example of such observation is shown in Fig. 24 (Shprits et al., 2017). 
The evolution of PSD is shown in panels a and b with different colors as a function of L*, 
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for two values of the first adiabatic invariant with the associated electron energy in panels 
c and d. No significant loss was observed at µ = 700 MeV/G, but a clear deepening 
minimum was evident at L*~4 for µ = 3,500 MeV/G in the beginning of 18 January 2013, 
showing that EMIC waves likely scattered electrons of > ~4 MeV into the loss cone.  
 
Fig. 22: Summary of observations from the two Van Allen Probes. The dashed vertical line 
indicates the triggering of EMIC wave activity, which coincides with the narrowing of the 
electron pitch angle distributions. Figure from Zhang et al. (2016). 
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Fig. 23: Distribution of electrons as a function of pitch angle at several energies from Van Allen 
Probes observations when both probes were at L=5.77. Figure from Zhang et al. (2016). 
 
Fig. 24: Phase space density evolution as a function of time and L* for two values of µ (panels a 
and b), with the associated energy (panels c and d). Figure from Shprits et al. (2017). 
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To summarize, the typical signatures of EMIC-driven precipitation are: 
• 10s–100s keV protons precipitating simultaneously with relativistic or ~MeV 
electrons at low orbit 
• Narrowing of electron pitch angle distribution around 90° 
• Deepening minima of phase space density at localized L shells 
Although EMIC-driven precipitation is generally expected to show the above 
signatures, not all of them necessarily occur for any precipitation event. For example, 
statistical studies by Yahnin et al. (2016, 2017) show that only few REP events occur in 
association with EMIC wave activity detected on the ground. Similarly, Qin et al. (2018) 
found that, among 473 conjunction events in association with EMIC waves, only 127 show 
REP events, of which 30% occur when H-band and He-band EMIC waves coexist. 
Usanova et al. (2014) analyzed the moderate storm on 11 October 2012, when EMIC wave 
activity was observed in the magnetosphere by Van Allen Probes and across the 
magnetometers in the CARISMA array for ~18 h. However, the observed EMIC wave 
activity did not coincide with relativistic electron precipitation, most likely because of the 
absence of electron flux at intermediate to low pitch angles, where EMIC wave scattering 
is more efficient. Another reason for the presence of EMIC waves without REP events is 
that the POES constellation, usually used for this type of studies, has a high background 
level for relativistic electrons. As a result, even if some electrons were actually scattered 
by EMIC waves, the precipitating electron flux driven by EMIC waves could be below the 
POES background level. Additionally, EMIC waves usually drive precipitation for only > 
several MeV electrons (whose flux is already typically small) and, when EMIC waves are 
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not strong enough, scattering efficiency is overall low. Thus, electron precipitation is not 
necessarily always evident at low orbit. 
Recent studies have potentially challenged some of the typical signatures of EMIC-
driven precipitation. For example, Hendry et al. (2017) used the database from Carson et 
al. (2013) and selected events occurring overhead of ground-based EMIC waves. Through 
a fit to the POES spectrum, they reported that the dominant energy of the peak precipitating 
electron flux in association with EMIC waves is ~300 keV, and only ~11% of the 
precipitation events have the peak energy >1 MeV. Additionally, Hendry et al. (2019) 
reported a subrelativistic precipitation event potentially driven by rising tone EMIC waves, 
with an unexpected butterfly pitch angle distribution (as also seen in Rodger et al. (2015)), 
contrary to the one narrowing at 90°. A recent study by Hirai et al. (2018) also showed 
direct evidence of correlation between the rising tone EMIC wave structure and the 
associated bursts of relativistic electron precipitation, which is similar to what was 
suggested by Nakamura et al. (2019). Although some theories, such as non-resonant 
scattering (Chen et al., 2016), bounce resonance (Blum et al., 2019; Cao et al., 2017), and 
nonlinear effects (Denton et al., 2019) could lead to an Emin lower than ~MeV, the evidence 
of subrelativistic and fine-structured precipitation is still limited, and further investigations 
are needed. 
1.5 Motivation and Science Questions 
The space physics community has recently focused on EMIC-driven precipitation not 
only because of its impact on the radiation belt and ring current dynamics, but also because 
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it represents an energy input source into the upper atmosphere that can affect the 
atmospheric chemistry and ionization levels.  
Precipitation of energetic electrons from the radiation belts into the Earth’s upper 
atmosphere is an important loss mechanism in the radiation belts, as discussed so far. 
Therefore, understanding the driver of this precipitation and characterizing the 
precipitation at low-orbit can help in quantifying the overall loss that affects the radiation 
belts. 
Additionally, when electrons of 100s keV up to multiple MeV energies impact onto 
satellites, they can either penetrate the shielding and reach the dielectric materials inside 
the spacecraft (deep-dielectric charging) or accumulate on the spacecraft surface (surface 
charging). Such build-up of charges could be fast enough to trigger a powerful discharge 
and damage materials and electronic components onboard or create an electromagnetic 
disturbance around the spacecraft (Baker et al., 2017). Clearly, all these scenarios can 
compromise the operation of satellites, hence the community is interested in understanding 
the energetic electron dynamics around the Earth. 
In the Earth's atmosphere, relativistic electron precipitation leads to chemical changes 
in the upper stratosphere and lower thermosphere by enhancing production of nitrogen 
oxides (NOx = N, NO, NO2) and hydrogen oxides (HOx = H, OH, HO2) (Mironova et al., 
2015; Sinnhuber et al., 2012). These compounds are known to reduce ozone concentration 
(Meraner and Schmidt, 2018), thus they potentially impact atmospheric circulation and 
eventually climate. Simultaneously, precipitation of electrons can alter the ionization levels 
of the atmosphere by changing the ionospheric conductivity. Therefore, identifying the 
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drivers of high energy electron precipitation is important to shed light not only on radiation 
belt loss mechanisms, but also on atmospheric dynamics. Despite past studies on energetic 
electron precipitation, a comprehensive understanding of the EMIC-driven scattering 
process and its characteristics is still lacking. Previous observations were, in general, 
performed either only in the magnetosphere, or at low orbit, without relating one-to-one 
wave observations with the electron precipitation occurring at the conjugate location. In 
this dissertation, we take advantage of coordinated multi-satellite measurements in the 
magnetosphere, at low orbit and at ground, with the overarching goal of understanding the 
effects of the observed EMIC waves on the particle precipitation. Specifically, we focus 
on precipitation events occurring during magnetic conjunctions. A magnetic conjunction 
is achieved when near-equatorial and low-Earth-orbit (LEO) satellites have similar L and 
MLT values, hence are located approximately on the same magnetic field line. A schematic 
illustration indicating the magnetic conjunction between multiple satellites is shown in Fig. 
25. 
 
 
Fig. 25: Illustration of (left) a magnetic conjunction between a low Earth orbit (LEO) satellite 
and RBSP and (right) a magnetic conjunction between two LEO satellites (POES and 
FIREBIRD). The colored lines indicate the satellite trajectories. 
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Despite the significant progress on understanding EMIC-driven particle 
precipitation, there still remain several open questions and challenges. The traditionally 
used NOAA POES constellation, for example, only detects electrons in integral energy 
channels and thus does not allow to identify the energy threshold (Emin) of precipitating 
electrons unless by using some assumptions and modeling. In addition, proton 
contamination often affects POES lower energy channels and because of this, precipitation 
data can be misinterpreted. Although Hendry et al. (2017) suggested that sub-MeV 
electrons can be precipitated by EMIC waves, the EMIC waves observed at ground do not 
necessarily map back onto the scattering source region due to ionospheric ducting. In 
addition, direct observation of subrelativistic electron precipitation is still overall limited 
and the definite Emin threshold is still under debate. The L–MLT region where EMIC-driven 
electron precipitation occurs, as well as the spatial extent of a single precipitation event, 
are not well understood. Such information is useful not only for space weather predictions 
and effects, but also for radiation belt models and atmospheric models such as the NCAR 
(National Center for Atmospheric Research) Whole Atmospheric Community Climate 
Model (WACCM). From the theoretical perspective, some theories and simulations (e.g., 
nonlinear interactions) have been proposed and are currently under development to 
improve our understanding of the conditions under which EMIC-driven electron scattering 
occurs and what determines the corresponding Emin. Most of these simulations and theories 
go beyond the traditional quasi-linear cold plasma theory to explain more recent 
observations (Blum et al., 2019; Chen et al., 2016; Denton et al., 2019; Hendry et al., 2019).  
In this dissertation, I aim to address the following science questions: 
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1. Are EMIC waves the driver of the observed energetic electron precipitation? 
2. What is the typical spatial extent in L shell for individual energetic electron 
precipitation events? How broad in L shell and MLT is the region where 
precipitation is observed? 
3. What is the minimum energy Emin of precipitating electrons driven by EMIC 
waves? 
4. Does quasi-linear theory explain the observed precipitation events? 
5. Under which conditions is EMIC-driven electron precipitation efficient? 
6. What are the effects of EMIC-driven precipitation on the outer radiation belt? 
Answering these questions overall improves our current understanding of EMIC-
driven precipitation and, most importantly, provides a broader research impact on both the 
magnetosphere and the atmosphere environments. First of all, EMIC waves are a key 
mechanism of loss of radiation belt electrons, thus their efficiency in scattering electrons 
directly affects the dynamics of the magnetosphere. Improving our knowledge on such 
mechanisms aids in quantifying the radiation belt loss in response to EMIC wave activity. 
Additionally, as briefly discussed, relativistic electrons drive space weather effects when 
they precipitate into the upper atmosphere (e.g., ionization level variations, chemical 
composition changes, etc.). As a matter of fact, the precipitation of electrons into the upper 
atmosphere also represents a source of energy input which can be characterized only if the 
energy, scale size and location of precipitation is identified. The properties of the 
precipitating electrons have direct impact on where the energy is deposited into the upper 
atmosphere, both in latitude and longitude, as well as in altitude. Ultimately, testing 
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whether the traditional quasi-linear theory can justify the observations of precipitation can 
also highlight its potential limitations and show that additional mechanisms of wave-
particle interactions might be needed to fully explain the EMIC-driven precipitation.  
The dissertation is organized as follows. Chapter 1 provides the scientific background 
and motivation of the research; Chapter 2 describes the in-depth analysis of a case study 
where EMIC waves were observed coincidentally with relativistic electron precipitation 
(Capannolo et al., 2018); Chapter 3 shows three different case studies and analyzes the 
spatial extent of EMIC-driven precipitation (Capannolo et al., 2019a); Chapter 4 presents 
the in-depth analysis of a case study when subrelativistic electron precipitation was 
observed and was associated with EMIC waves (Capannolo et al., 2019b); Chapter 5 shows 
the multi-event analysis of EMIC-driven precipitation; Chapter 6 provides a summary of 
the dissertation. 
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2 THE DRIVER OF ENERGETIC ELECTRON PRECIPITATION AND 
DROPOUTS IN THE OUTER RADIATION BELT: an in-Depth Analysis of a 
Tight Magnetic Conjunction 
As discussed in Chapter 1, EMIC waves are known to precipitate both protons and 
~MeV electrons into the Earth’s upper atmosphere. However, so far, quantitative studies 
on correlating such relationship using both in situ observations and theory are lacking. In 
the work presented in this Chapter, I focused on understanding if the precipitation of 
electrons observed at LEO was caused by EMIC waves detected in the magnetosphere. In 
order to achieve this goal, I used multi-satellite measurements both in the magnetosphere 
and at LEO and analyzed in depth a tight magnetic conjunction between one Van Allen 
Probe and a satellite in the POES/MetOp constellation. Together with the observations, I 
used quasi-linear theory to evaluate the scattering effects of all waves observed during the 
conjunction. The event occurred over 12–13 UT on 24 September 2013 and was selected 
as a non-stormtime dropout “challenge” event by the Geospace Environmental Modeling 
(GEM) focus group “Quantitative Assessment of Radiation Belt Modeling”. EMIC waves 
(~5 nT for He-band and ~1 nT for H-band) were observed by RBSP-A for 1.5 h within L 
shells of ~3.9–4.3 and MLTs over ~19.5–21.2, together with weak magnetosonic waves 
and hiss. During tight conjunction with RBSP-A, the LEO MetOp-01 satellite observed 
simultaneous precipitation of protons at ~10s keV and electrons at >700 keV. Quasi-linear 
theory results showed that He-band EMIC waves dominated the observed pitch angle 
scattering, while magnetosonic waves and hiss played a negligible role. These findings 
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demonstrate that the EMIC waves observed in the magnetosphere were the primary driver 
of the precipitation of both electrons and ions measured at LEO.  
This Chapter is organized as follows. Section 2.1 presents the observations of the 
waves and the particle precipitation; section 2.2 shows the evolution of the electron phase 
space density; section 2.3 provides the quasi-linear theory results, and summary and 
conclusions of the study are described in section 2.4. Results in this Chapter are published 
in Geophysical Research Letters (Capannolo et al., 2018). 
2.1 Observations of Magnetospheric Waves and Particle Precipitation 
The event analyzed in-depth occurred on 24 September 2013 during non-stormtime 
(Dst > -30 nT for the entire day, not shown). Fig. 26 shows the wave and particle data 
measured by RBSP-A (see Appendix A.1 for more details) over 11:30–13:10 UT. During 
this time interval, a substorm occurred with minimum AL ~ -800 nT (Fig. 26a) and the 
plasma density remained above 100 cm-3 (Fig. 26b), while RBSP-A was traveling inbound 
within the dusk side of the plasmasphere, from ~19.5 MLT to ~21.2 MLT. The wave power 
spectra (Fig. 26c-d) revealed that plasmaspheric hiss and magnetosonic waves were 
observed by RBSP-A, particularly after ~12:30 UT. These two wave types are generally 
separated by the lower hybrid resonance frequency (fLH) and distinguished by the wave 
ellipticity (Fig. 26e): magnetosonic waves are linearly polarized (ellipticity ~ 0), while 
plasmaspheric hiss is circularly polarized. Both waves were propagating perpendicular to 
the local magnetic field (wave normal angle ~ 90° in Fig. 26f). In association with substorm 
activity, RBSP-A observed persistent EMIC wave activity from 11:30 UT to 13:00 UT 
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(over ~3.8–5.6 L shells and ~19.5–21.2 MLT), mostly in the He-band, but also partially 
extending in the H-band (Fig. 26g). The EMIC wave intensity was associated with the 
proton flux modulation (Fig. 26h), especially for the very isolated EMIC waves over 
12:35–12:50 UT (Fig. 26g-h). 
We take advantage of the magnetic conjunction between RBSP-A and EUMETSAT 
MetOp-01 (more details on NOAA/EUMETSAT satellites in Appendix A.2) occurring 
during this isolated EMIC wave activity around 12:45 UT, at L ~ 4.1 and MLT ~ 20.7, 
highlighted by the dashed black lines in Fig. 26. During the conjunction period, EMIC 
wave activity was strongest in the He-band (root-mean-square (RMS) wave amplitude Bw 
> 5 nT), but also exhibited modest wave power in the H-band (Bw ~ 0.7 nT). The spectrum 
of EMIC waves is in Fig. 27. Although plasmaspheric hiss and magnetosonic waves were 
also present, their wave amplitudes (~6 pT and ~24 pT, respectively) were much weaker 
than those of the observed EMIC waves. The plasma density inferred from the upper hybrid 
resonance line detected by EMFISIS was 492 cm-3 near the conjunction period.  
  
44 
 
Fig. 26: RBSP-A observations during 11:30–13:10 UT on 24 September 2013. (a) Kyoto AL 
index, (b) plasma density, (c) electric and (d) magnetic power spectral density, (e) ellipticity and 
(f) wave normal angle, (g) EMIC wave magnetic power spectral density, and (h) proton flux 
measured by HOPE. The black dashed lines indicate the L-shell range (4.3–3.9) of RBSP-A 
during magnetic conjunction with MetOp-01. The white lines represent the electron cyclotron 
frequency (fce; solid), 0.5fce (dash dotted), and 0.1fce (dashed). The black lines indicate the lower 
hybrid resonance frequency (fLH; solid) and 0.5fLH (dash dotted). The yellow solid line 
corresponds to the H+ cyclotron frequency (fcH), the dashed red line is the He+ cyclotron 
frequency (fcHe), and the black dotted line is the O+ cyclotron frequency (fcO). 
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Fig. 27: EMIC wave spectrum as a function of normalized frequency for He-band (left) and H-
band (right). 
The MetOp-01 observations during the conjunction with RBSP-A are shown in Fig. 
28. The two satellites were in a very close magnetic conjunction, with differences less than 
±0.5 in L-shell and ±0.5 hour in MLT (Fig. 28a-b) between 12:40 UT and 12:43 UT. MLT 
and L values are in red for MetOp-01 and in black for RBSP-A. Fig. 28c shows the 
observed proton flux measured in the P1 channel (30–80 keV). Fig. 28d shows the electron 
flux in the relativistic electron channel E4 (>~700keV). The observations at lower electron 
energy (channels E1, E2 and E3) are not shown because they were significantly affected 
by proton contamination, resulting in large uncertainties in the proton removal method (see 
Appendix A.2.1 for details). The fluxes from both the 0° (solid lines) and 90° (double-dot-
dashed lines) telescopes are shown. At the MetOp-01 location, these fluxes correspond to 
precipitating and trapped particles, respectively. The data shown in Fig. 28 were averaged 
over 16s from the full 2s resolution to show the overall trend more clearly. 
H-band
0.2 0.4 0.6 0.8 1.0
f/fcH
He-band
0.2 0.4 0.6 0.8 1.0
f/fcHe
10-1
100
101
102
B w
 [n
T2
/H
z]
10-3
10-2
10-1
100
  
46 
 
Fig. 28: MetOp-01 observations during the magnetic conjunction with RBSP-A. a) MLT and b) L-
shell for RBSP-A (black) and MetOp-01 (red); c) proton flux at ~30-80 keV; d) electron flux for 
the E4 energy channels >~700 keV (red). Double-dot dashed lines are measurements from the 
90°-pointing telescope, indicative of trapped particles; solid lines are from the 0°-pointing 
telescope, indicative of precipitating particles. R is the ratio of precipitating-to-trapped particle 
fluxes averaged over the gray shaded region. 
During the conjunction period, simultaneous precipitation of tens of keV protons and 
relativistic electrons was observed, as highlighted by the gray shaded area in Fig. 28. The 
30–80 keV proton flux measured by the 0° telescope increased sharply at 12:41:10 UT, and 
reached close to the flux of trapped protons for ~90 s, which indicates strong precipitation. 
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Simultaneously, the flux of precipitating electrons at energies >~700 keV (solid red line in 
Fig. 28d) increased and almost approached the value of trapped electrons. Note that the E4 
channel in MetOp-01 is an integral energy channel; therefore, even if the lower threshold 
is ~700 keV, the energy of precipitating electrons can potentially be much higher than the 
threshold. To quantify the level of precipitation, the ratio of precipitating-to-trapped 
particle fluxes (R = J0/J90) was calculated by averaging over the gray shaded area and 
marked in Fig. 28d. The ratio for >~700 keV electrons (R = 0.69) was fairly large, 
indicating strong precipitation. It is worth mentioning that although the R value for >~700 
keV electrons appeared to remain close to 1 throughout the majority of the plotted time 
interval, the R value before 12:41 UT and after 12:42 UT may not be reliable, since both 
precipitating and trapped fluxes remained low, probably close to the background. It is 
worthwhile to note that proton precipitation extended to higher L-shells (up to ~5) even 
after the conjunction period (~12:42 UT). This is consistent with the RBSP-A observation 
in Fig. 26g, where EMIC waves were also detected over an extensive region (L-shells from 
~3.8 to ~5.6). Within the time interval of the observed EMIC wave activity, in fact, the 
simultaneous precipitation of 30–80 keV protons and relativistic electrons was also 
detected by other NOAA satellites, although during less tight conjunctions, as discussed in 
Chapter 3.4. However, to quantify energetic electron precipitation driven by 
magnetospheric waves observed near the conjugate magnetic equator it is ideal to have a 
tight conjunction, as the RBSP-A/MetOp-01 one. 
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2.2 Phase Space Density Analysis 
Analyzing electron phase space density (PSD) is useful since this physical variable 
provides key information on the non-adiabatic radiation belt electron dynamics. Depending 
on the observed trends as a function of L*, in fact, it is possible to distinguish radial 
transport from acceleration or loss. In this dissertation, I calculated PSD for relativistic 
electrons following equation A1 in Chen et al. (2006), expressed as a function of fixed first 
(µ) and second (K) adiabatic invariants. Both Van Allen Probes are included in the 
calculation and the PSD is plotted as a function of L* based on the T05 (also called TS04D) 
model (Tsyganenko & Sitnov, 2005). We use different combinations of µ and K and show 
the PSD evolution in Fig. 29, from 08:00 UT (before the EMIC waves were detected) to 
16:00 UT (well after EMIC wave detection). The color-coded lines follow the trajectories 
of Van Allen Probes A and B as UT increases, as shown in the legend on the side. Note 
that the EMIC wave activity during the conjunction was observed at L* ~ 3.8 (L ~ 4.1), 
highlighted by a gray shaded area in each panel. Interestingly, the PSD profiles before 
(10:00 UT) and after (13:00 UT) EMIC wave observations show different features around 
L* ~ 3.8, depending on the values of µ and K. For µ = 800 MeV/G (electron energies ~1.5–
3 MeV at L*~3.8), the PSD exhibits little changes at K = 0.05 G0.5RE (Fig. 29b), but the 
PSD decrease tends to be more evident at larger K (Fig. 29e and h). Compared to µ = 800 
MeV/G, electron PSD at µ = 2000 MeV/G (electron energies ~ 3–5 MeV at L*~3.8) 
exhibits a more significant decrease across all K values. Such localized PSD dips with µ 
and K dependence are unlikely related to magnetopause shadowing together with outward 
radial diffusion, but clear signatures of local pitch angle scattering loss, possibly driven by 
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EMIC wave activity (Xiang et al., 2017). EMIC waves are indeed found to be more 
efficient in scattering higher energy (> ~MeV) electrons with low-intermediate pitch angles 
(Meredith et al., 2003; Jordanova et al., 2008; Kersten et al., 2014; Usanova et al., 2014). 
Note that the localized PSD dips were extended to a broad region up to L* ~ 5, which is 
consistent with EMIC wave activity observed over a wide range of L-shells (from ~3.8 to 
~5.6), as shown in Fig. 26g. These results agree with previous studies of the same dropout 
event (Su et al., 2016) and other case studies as well (Zhang et al., 2016; Shprits et al., 
2017).  
For low µ (Fig. 29a, d, g), however, the PSD profile following the EMIC wave 
detection slightly increases for low K. Such feature is consistent with an ongoing injection 
of electrons at energies below a few hundred keV, also observed by the geosynchronous 
GOES-15 spacecraft during ~10–15 UT (not shown) in the post-midnight sector. Injection 
and acceleration of electrons are more efficient for electrons at pitch angles closer to 90°, 
as supported by a larger PSD increase at K = 0.05 G0.5RE (corresponding to pitch angles of 
~70°) than that at K ≥ 0.2 G0.5RE (corresponding to pitch angles below ~50°). 
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Fig. 29: The evolution of electron phase space density (PSD) as a function of L* based on the 
TS04D (T05) model by Tsyganenko & Sitnov (2005) over 08:00-16:00 UT on 24 September 2013, 
color-coded in UT, for different combinations of µ and K. Constant values of µ are sorted in 
columns (from the left: 100 MeV/G, 800 MeV/G, and 2000 MeV/G) and constant values of K are 
shown in rows (from the top: 0.05 G0.5RE, 0.20 G0.5RE, and 0.30 G0.5RE). The gray shaded regions 
indicate L* ~ 3.8, where the magnetic conjunction occurred. 
2.3 Quasi-Linear Theory Results: Pitch Angle Diffusion Coefficients and 
Pitch Angle Distribution 
Since plasmaspheric hiss and magnetosonic waves were observed simultaneously 
with EMIC waves at RBSP-A, in order to understand which type of waves is primarily 
driving the observed precipitation, we calculated the quasi-linear electron pitch angle 
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scattering rates, for each of the waves observed by RBSP-A during conjunction. Fig. 30 
shows the bounce-averaged pitch angle diffusion coefficients from quasi-linear theory 
(Summers, 2005; Ni et al., 2015) due to He-band (a), H-band (b), plasmaspheric hiss (c), 
and magnetosonic waves (d). The diffusion coefficients are calculated based on the wave 
and plasma parameters measured by RBSP-A between 12:44 and 12:48 UT, when the 
intense EMIC waves were observed near the conjunction period. The wave frequency 
spectra were obtained from the satellite measurements with the lower (upper) cut-off 
frequencies of 0.26 fcH (0.99 fcH) for H-band EMIC waves and 0.26 fcHe (0.99 fcHe) for He-
band EMIC waves, respectively. We assume wave normal angles change from quasi-
parallel near the equator to more oblique up to 40° in latitude, following the latitudinally 
varying wave normal angle model in Ni et al. (2015). The cold ion composition is assumed 
to be 70% H+, 20% He+, 10% O+ (Lee & Angelopoulos, 2014; Meredith et al., 2014), while 
the resonance numbers considered in the calculation are between -5 and 5, including 
Landau resonance. The ratio of plasma frequency to electron cyclotron frequency (fpe/fce), 
calculated based on the observation, is ~15.3.  
Given the high EMIC wave amplitude, the pitch angle diffusion coefficients due to 
EMIC waves (Fig. 30a-b) are much larger than those driven by plasmaspheric hiss (Fig. 
30c) or magnetosonic waves (Fig. 30d). More specifically, pitch angle diffusion 
coefficients of He-band EMIC waves are typically stronger than those of H-band, 
particularly at energies above several hundred keV. He-band EMIC waves can scatter 
electrons above ~300 keV, but are most efficient for electrons above 3 MeV, on a timescale 
of < ~10 mins. Interestingly, the minimum resonant energy of electrons which can be 
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scattered by EMIC waves extends to lower energy (tens of keV) for the H-band, although 
the scattering rate is much lower than that at higher energies. In agreement with previous 
results (Kersten et al., 2014; Usanova et al., 2014; Zhang et al., 2016), EMIC waves 
propagating quasi-parallel to the magnetic field are effective in scattering electrons at low-
to-intermediate pitch angles depending on energy. The EMIC waves can also cause the 
electron scattering around 90° pitch angle via Landau resonance, but the loss of high pitch 
angle electrons is inefficient due to the lack of scattering at intermediate pitch angles. The 
pitch angle diffusion coefficients due to plasmaspheric hiss (Fig. 30c) and magnetosonic 
waves (Fig. 30d) are much weaker than those caused by EMIC waves, indicating that these 
waves played a minor role in electron precipitation in this dropout event.  
 
Fig. 30: a)-d): Bounce-averaged diffusion coefficients as a function of equatorial pitch angle and 
kinetic energy Ek for the observed waves (amplitude Bw, central frequency fm). Ion composition is 
assumed to be 70% H+, 20% He+, 10% O+ (Lee & Angelopoulos, 2014). e) electron flux 
normalized to that at 90° pitch angle as a function of equatorial pitch angle, color coded by 
energy. The dashed line indicates the equatorial bounce loss cone angle at L ~ 4. The gray 
shaded regions represent the mapped range of the equatorial pitch angles corresponding to the 
local pitch angles measured by 0° (left) and 90° (right) MetOp-01 telescopes. 
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To quantify the precipitation of electrons due to the observed waves, we use the total 
diffusion coefficients (caused by EMIC, hiss and magnetosonic waves) to estimate the 
normalized equatorial electron pitch angle distribution after reaching a quasi-equilibrium 
state (formulae by Li et al., 2013 and Theodoridis and Paolini, 1967), during which process 
the electron flux decays exponentially due to pitch angle scattering loss (Ni et al., 2013; 
O’Brien et al., 2014), while maintaining its shape as a function of pitch angle. Fig. 30e 
shows the electron flux normalized to that at 90° equatorial pitch angle as a function of 
equatorial pitch angle, color-coded by energy. The equatorial bounce loss cone angle at L 
~ 4 is marked by a dashed vertical black line. The gray shaded regions represent 
approximately the ranges of equatorial pitch angles corresponding to the local pitch angles 
of electrons detected by the 0° and 90° telescopes onboard MetOp-01, considering the 
telescope field of view of ±15°. The loss cone becomes more filled as energy increases, 
showing that EMIC waves are indeed more efficient in scattering electrons into the loss 
cone at higher energy. More specifically, pitch angle scattering reaches the strong diffusion 
limit (R close to 1) at energies above several MeV. However, the estimated ratios are much 
smaller than 0.1 for electrons below ~1 MeV and 0.1–0.7 for electrons above a few MeV. 
Note that the direct quantitative comparison between the measured and estimated ratio is 
difficult, since the electron fluxes measured by POES were integrated over a broad energy 
range. Nevertheless, the ratio estimated in Fig. 30e is approximately comparable to the 
ratio calculated for relativistic electrons observed by MetOp-01.  
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2.4 Summary and Conclusions 
 We quantitatively analyzed a magnetic conjunction event between RBSP-A and 
MetOp-01, which occurred on 24 September 2013. During the conjunction, RBSP-A 
detected strong EMIC waves inside the plasmasphere at L ~ 4.1 (L* ~ 3.8) and MLT ~ 
20.7, and MetOp-01 observed the simultaneous precipitation of 30–80 keV protons, and 
relativistic electrons at >~700 keV at the conjugate low altitude. The observed EMIC 
waves were strongest in the He-band (Bw ~ 5.1 nT), but also extended to the H-band with 
a lower amplitude (Bw ~ 0.7 nT). Although plasmaspheric hiss and magnetosonic waves 
were present, their intensities were much weaker than those of EMIC waves.  
The electron PSD evolution for this event shows that the electron loss was clearly 
localized over L* from ~3.8 to ~5, mainly affecting high energy electrons (>~1.5 MeV). 
This is consistent with the EMIC wave activity, which was also observed in a similar radial 
extent. The observed localized PSD dips are inconsistent with electron losses due to 
magnetopause shadowing and the subsequent outward radial diffusion, but support electron 
loss through local pitch angle scattering primarily driven by EMIC waves at L > ~4 (Su et 
al., 2016). The small net increase in electron PSD at low values of µ might result from 
electron injections, associated with substorm activity (Turner et al., 2015), which dominate 
at such low energies. These PSD increases were indeed observed only for low values of K 
(< 0.20 G0.5RE), in agreement with substorm injection, more efficient for electrons at pitch 
angles closer to 90°. Even if lower energy electrons were precipitating, such a loss was 
compensated more by electron injections. 
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The tight conjunction between RBSP-A and MetOp-01 allows us to well constrain 
the driver of relativistic electron precipitation, relating in situ wave data with electron 
precipitation at low altitudes. We estimate the electron precipitation driven by EMIC 
waves, plasmaspheric hiss, and magnetosonic waves using quasi-linear theory based on the 
observed wave and plasma parameters, and show that EMIC waves are efficient in 
scattering electrons only at low-to-intermediate pitch angles. In particular, He-band EMIC 
waves are mainly responsible for providing strong pitch angle scattering for highly 
relativistic electrons (> a few MeV) on a timescale of ~10 minutes, while H-band EMIC 
waves can scatter electrons into the loss cone at lower energies (down to tens of keV) but 
on a much longer timescale (~day). The plasmaspheric hiss and magnetosonic waves play 
minor roles in electron precipitation in this dropout event primarily due to their much 
weaker intensity, demonstrating that for this case the main driver of the observed electron 
precipitation is EMIC waves. The calculation of the electron pitch angle distribution 
demonstrates that, as expected, EMIC wave efficiency in driving electron precipitation 
increases with electron energy, leading to a loss cone more filled at higher energies than at 
lower ones. Such feature reasonably explains why relativistic electrons in the >~700 keV 
channel onboard MetOp-01 showed a rather high ratio (~0.70). 
Although our analysis of a fortuitous tight magnetic conjunction during EMIC wave 
activity offers credible insights into understanding the main driver of relativistic electron 
precipitation, it does not provide a broader picture of the overall precipitation occurring 
during EMIC waves. We analyze the precipitation driven by EMIC waves observed by 
multi-satellites in Chapter 3. In addition, due to severe proton contamination at lower 
  
56 
energy electron channels, it is difficult to draw reliable conclusions for electron 
precipitation at subrelativistic regimes in this specific event. We examine the minimum 
energy threshold more in depth in Chapter 4 and Chapter 5. 
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3 ENERGETIC ELECTRON PRECIPITATION: Multi-Event Analysis of its 
Spatial Extent During EMIC Wave Activity 
Although correlation exists between EMIC waves and precipitation of relativistic 
electrons, the knowledge on the spatial extent of precipitation events as well as the resultant 
coverage of precipitation is still limited. This Chapter addresses this open question by 
extending the search for precipitation events beyond a single magnetic conjunction (in 
Chapter 2). I present multiple case studies that occurred on over 20:05–20:21 UT on 10 
September 2015 (Case study 1), over 20:14–20:54 UT on 28 February 2015 (Case study 
2), and over 11:32–13:21 UT on 24 September 2013 (Case study 3). Electron precipitation 
was observed near the dusk side and the width of the precipitation events was fairly 
localized (DL ~ 0.3 on average). However, EMIC-driven precipitation was observed at 
locations that spanned a wider L–MLT region (up to ~1.4 L-shells and ~4.4 hr MLT). These 
findings suggest that although EMIC waves locally scatter electrons within a small region, 
they can trigger bursty electron precipitation in a much broader area. 
This Chapter is organized as follows. Sections 3.2, 3.3 and 3.4 present the 
observations of waves and particle precipitation for the three analyzed cases; section 3.5 
provides the results from quasi linear theory; the key findings of this study are summarized 
in section 3.6. This Chapter is published in Journal of Geophysical Research: Space 
Physics (Capannolo et al., 2019a). 
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3.1 Satellite Data Analysis and Methodology 
I used several satellites that observe both proton and electron precipitation during the 
same EMIC wave activity. As a first step, I searched for a tight RBSP/POES magnetic 
conjunction during EMIC waves that shows a clear EMIC-driven precipitation signature 
similarly to the event described in Chapter 2. Afterwards, to obtain information on the L 
shell extent of the precipitation, I took advantage of the POES satellite constellation to 
search for other L–MLT locations where EMIC-driven precipitation was still observed. 
The precipitation size of a single event is obtained by considering the L shell width in which 
precipitation of electrons was observed by the POES satellite. The extent of the 
precipitation region is estimated from the L–MLT distribution of all the POES satellites 
that observed typical EMIC-driven precipitation. Finally, for the tight magnetic 
conjunctions, comparisons with quasi-linear results are provided.  
A similar approach was used in the statistical study by Shekhar et al. (2017), however, 
here we focus our analysis only on precipitation events occurring during EMIC wave 
activity observed in the magnetosphere or at ground stations, and analyze these in detail by 
comparing to quasi-linear theory. For completeness, we consider the precipitation pattern 
observed at the full energy range of electrons (and protons) provided by POES/MetOp, 
selecting cases in which the proton contamination was not severe (see Appendix A.2.1 for 
details). 
Note that, despite magnetic conjunctions between RBSP and POES/MetOp occur 
frequently, interesting case studies for EMIC-driven precipitation are quite rare for the 
following two reasons: (1) conjunctions need to occur during EMIC wave activity, 
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preferably without strong activity of other waves; (2) EMIC waves must be strong enough 
to drive electron precipitation so that POES/MetOp satellites detect a clear electron flux 
signal above the noise level.  
Among the numerous conjunctions identified during EMIC waves observed from 
2012 to 2017, we selected only three cases for in-depth analysis, since these showed at 
least one very tight magnetic conjunction between EMIC wave observations (RBSP or 
ground based magnetometers) and other interesting patterns of precipitation detected by 
the POES/MetOp satellite constellation at various MLT sectors and L-shells. 
3.2 Case study 1 
This case study occurred on 10 September 2015, when EMIC waves, hiss and 
magnetosonic waves were observed by RBSP-A around 20 UT. Two POES spacecraft 
(NOAA-15 and NOAA-18) detected simultaneous precipitation of protons at 10s–100s 
keV and electrons at >700 keV. The precipitation width in this case was consistent between 
the two POES satellites, which crossed the same spatial region with ~20 min of delay. 
Wave observations by RBSP-A are shown in Fig. 31, followed by the POES 
precipitation and the L–MLT polar plot of the precipitation events in Fig. 32. This event 
occurred during the recovery phase of a substorm with AL reaching almost -800 nT (Fig. 
31a). RBSP-A observed EMIC wave activity from 19:35 UT up until 20:21 UT (marked 
by a red horizontal bar on the X-axis in Fig. 31), spanning MLT of 17.9–19.1 and L-shells 
of 3.6–4.9, during an inbound orbit within the plasmasphere (density 100–300 cm-3, Fig. 
31b). The EMIC waves were in the He-band frequencies at high L and until ~20 UT, and 
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became dominant in the H-band at lower L shells (Fig. 31g). Simultaneously with this 
EMIC wave activity, hiss and magnetosonic waves were also observed by RBSP-A (Fig. 
31c-d), with wave ellipticity and normal angle shown in Fig. 31e and Fig. 31f, respectively. 
The white dashed lines indicate the UT time of precipitation at low orbit observed by 
POES, the magenta dashed-dot line indicates the UT time of the tightest POES/RBSP-A 
conjunction (with NOAA-15 at L = 4.1) and the solid magenta lines show the L-range of 
±0.5 around it. 
Fig. 32A-B show the proton and electron fluxes as measured respectively by NOAA-
15 and NOAA-18 during the EMIC wave activity. The trapped (precipitating) flux 
measured by the 90° (0°) POES telescope is shown with the double-dot-dashed line (solid 
line). Different colors indicate the different energy channels for protons (P1 30–80 keV in 
black, P2 80–250 keV in blue, and P3 250–800 keV in red) and electrons (E2 >130 keV in 
black, E3 >287 keV in green, and E4 >612 keV in red). Since the fluxes are obtained from 
multiplying the count rates by the geometric factors in Green et al. (2013), the thresholds 
mentioned are those calculated in Green et al. (2013). It is worthwhile to note that >40 keV 
electron channel (E1) is not shown, since it is potentially subject to significant proton 
contamination (see more details on the proton contamination in Appendix A.2.1). The 
tightest L–MLT conjunction with RBSP-A occurred for NOAA-15 (Fig. 32A), for which 
we calculated the ratios of precipitating (E0) to trapped (E90) electron flux (R = E0/E90) 
color-coded by energy during the precipitation interval highlighted by the gray shaded 
region. Fig. 32A and Fig. 32B show the simultaneous precipitation of protons and electrons 
at ~20:05:00 UT for NOAA-15 and at ~20:20:30 UT for NOAA-18, suggesting that the 
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precipitation driven by magnetospheric waves occurred at least within a 15-min window. 
The proton precipitation was strongest in the P1 channel for both spacecraft, but was also 
significant in P2 and P3 for NOAA-15. The electron precipitation occurred mainly in the 
E4 channel at both satellites, since the precipitating fluxes at >130 keV (E20, solid black 
line) and >287 keV (E30, solid green line) were approximately the same as the >612 keV 
precipitating electrons (E40, solid red line). On top of the gray shaded regions, we also 
marked the L shell extent of each precipitation event: 0.3 (~25 s) and 0.2 L shells (~20 s) 
for NOAA-15 and NOAA-18, respectively.  
Fig. 32C summarizes the geometry of the event in a polar L–MLT plot. We show the 
trajectories of NOAA-15 (green) and NOAA-18 (purple) during the precipitation intervals 
(gray shaded areas in Fig. 32A-B), and RBSP-A (red) over 19:15–20:35 UT. The thicker 
red line indicates the region where EMIC waves were observed by RBSP-A. The diamonds 
on top of the RBSP-A trajectory indicate the RBSP-A location at the UT time of 
precipitation detected by NOAA-15 (green) and NOAA-18 (purple). For this event, the 
precipitation pattern is very similar for both NOAA-15 and NOAA-18, allowing us to 
conclude that the precipitation occurred over 3.8–4.2 in L shell and ~1 h in MLT 
(considering observations from RBSP-A, NOAA-15 and NOAA-18). It is very likely that 
the precipitation region extends further in MLT and L, however, no other POES/MetOp 
spacecraft were available in that region during the EMIC wave observations. Therefore, 
this analysis can only provide a lower limit of the extent of the precipitation region. 
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Fig. 31: Observations from RBSP-A on 10 September 2015. a) AL index, b) density, c) electric 
and d) magnetic spectral density from EMFISIS, e) ellipticity, f) wave normal angle, and g) 
magnetic spectral density showing EMIC waves. The frequency lines in the spectrograms are: 
electron cyclotron frequency fce (white solid), 0.5 fce (white dashed-dot), 0.1 fce (white dashed), 
lower hybrid resonance frequency fLH (solid black), 0.5 fLH (black dashed-dot), proton cyclotron 
frequency fcH (yellow solid), helium cyclotron frequency fcHe (red dashed), and oxygen cyclotron 
frequency fcO (black dotted). The vertical white dashed lines correspond to the beginning and end 
of the precipitation time interval observed by POES; the magenta dash-dot line indicates the UT 
time of precipitation with NOAA-15 (tightest conjunction) and the magenta solid lines show the 
±0.5 L interval around the precipitation L shell. The red bar at the bottom shows the UT time of 
EMIC wave activity detected along the RBSP-A trajectory (a thick red line) in Fig. 32C. 
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Fig. 32: An overview of particle precipitation observed on 10 September 2015 from NOAA-15 (A) 
and NOAA-18 (B). The X-axis shows the MLT and L shell color-coded for RBSP-A (red), NOAA-
15 (green) and NOAA-18 (purple). a) Proton flux in the P1 (30-80 keV) channel (black), P2 (80-
250 keV, blue), and P3 (250-800 keV, red). b) Electron flux in the E2 channel (>130 keV, black), 
E3 (>287 keV, green), and E4 (>612 keV, red) as a function of UT, L shell, and MLT. Double-
dot-dashed lines are for trapped fluxes, and solid lines are for precipitating fluxes. The gray 
areas represent the UT interval of electron precipitation. In panel (A), R indicates the 
precipitating-to-trapped ratio calculated within the gray area and color-coded in each electron 
energy. C) L–MLT polar plot with noon to the left: NOAA-15 and NOAA-18 trajectories during 
the observed precipitation (gray areas in A-B) are depicted with the green and purple arrows, 
respectively; the time stamps in the legend indicate the precipitation UT time for NOAA-15 
(green) and NOAA-18 (purple); RBSP-A trajectory between 19:15 UT and 20:35 UT is in red, 
where thicker lines indicate EMIC wave observations with the starting and ending time marked 
with the red time stamps. The colored diamonds on top of RBSP-A trajectory indicate the RBSP-A 
location at the UT time of precipitation observed by NOAA-15 (green diamond) and NOAA-18 
(purple diamond). 
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3.3 Case study 2 
The second case study occurred on 28 February 2015 over 20–21:30 UT. In this case, 
in situ waves (EMIC, hiss and magnetosonic waves) were observed by RBSP-A, but EMIC 
waves were also detected by several ground-based stations, of which I show 3 examples. 
 
Fig. 33: Observations from RBSP-A (A) and ground-based magnetometers on 28 February 2015 
(B–D). Panels a–g have the same format as Fig. 31a–g. The vertical white dashed lines 
correspond to the beginning and end of precipitation UT time interval observed at POES; the 
magenta dash-dot line indicates the UT time of precipitation with MetOp-01 (tightest 
conjunction) and the magenta solid line show the +0.5 L interval around the precipitation L shell 
(the other extreme at -0.5 L shell is to the left, outside the UT time plotted). The red bar at the 
bottom shows the UT time of EMIC wave activity detected with a thick red line along the RBSP-A 
trajectory in Fig. 34E. Panels B–D show the ground-based observations of the EMIC wave 
spectra at SGO/OUL, CARISMA/ISLL, and Halley. We show the total magnetic power spectral 
density as a function of frequency and time. 
Fig. 33 shows the wave data observed by RBSP-A and three ground-based stations, 
followed by the corresponding POES/MetOp observations in Fig. 34. Near the end of the 
expansion phase and early recovery phase of a substorm, RBSP-A observed EMIC waves 
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over 20:28–21:20 UT (Fig. 33Ag), during an outbound orbit in the plasmasphere (average 
density ~100 cm03, inferred from the upper hybrid frequency line). Over 20:28–20:42 UT 
(L=4.3–4.6, MLT=19.8–20.1), both He-band and H-band waves were present, whereas at 
higher L shells and later MLTs the EMIC waves occurred mainly below fcHe, with the 
exception of the double-band EMIC waves at ~21:15 UT (MLT ~ 20.7, L ~ 5.6). These 
EMIC waves were triggered by ~10s keV ion injections from the magnetotail (not shown) 
observed by HOPE at ~20:20 UT. Simultaneously with the EMIC activity, magnetosonic 
waves and weak hiss were observed as well, followed by time domain structures 
dominating at L shells above ~5. For this case, since precipitation was observed over a 
wider L–MLT range than that covered by RBSP-A (see details later regarding Fig. 34 
description), we also show EMIC wave activity detected at the ground. More specifically, 
we show EMIC spectra (total power) recorded by the OUL station in the Finnish array (14–
20 UT, MLT ~ UT+2, L = 4.6, Fig. 33B), CARISMA ISLL station (15–24 UT, MLT ~ UT-
6, L = 5.15, Fig. 33C), and Halley (15–24 UT, MLT ~ UT-3, L = 4.7, Fig. 33D). 
Fig. 34 illustrates the precipitation events with a similar format to Fig. 32. For 
MetOp-01 (Fig. 34A), in closest conjunction with RBSP-A, we only show the E4 channel, 
since E1, E2 and E3 channels were likely subject to severe proton contamination. Electron 
precipitation (highlighted by the gray shaded areas) was associated with proton 
precipitation. It is worth noting that clear and isolated proton precipitation can be observed 
only for NOAA-15 (Fig. 34C) and NOAA-19 (Fig. 34D), while the proton precipitation 
patterns for the MetOp satellites (especially for MetOp-02, Fig. 34B) seem to resemble 
signatures of current sheet scattering (CSS) effects, with the precipitation of higher energy 
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protons (i.e., P3) occurring at lower L shells than lower energy protons (i.e., P1), as also 
found by Yahnin et al. (2016). However, the signatures of EMIC-driven proton 
precipitation can still be embedded into such flux patterns, as the strong electron 
precipitation suggests (Yahnin et al., 2017). Current sheet scattering effects tend to be more 
evident near the night sector and correspond to the region where the curvature radius of the 
magnetic field lines is comparable to the proton gyroradius (Gilson et al., 2012). Therefore, 
it is reasonable that NOAA-15 and NOAA-19 (pre-dusk sector) did not show these effects 
significantly.  
The proton precipitation was strong across all P channels, whereas electrons seemed 
to have the strongest precipitation in E4. For MetOp-02, NOAA-15 and NOAA-19 there 
was significant E3 precipitation as well (E20 ~ E30 > E40), suggesting that scattering into 
the loss cone occurred for electrons at energies potentially as low as ~300 keV. The L-shell 
extent of electron precipitation was narrower (DL ~ 0.1–0.2) in the post-dusk sector, but 
was more extended in the pre-dusk sector (DL ~ 0.3–0.4). This suggests that the EMIC 
waves observed in the post-dusk sector by RBSP-A may have a different spatial extent and 
spectral properties than those observed in the pre-dusk sector, but still cause electron 
precipitation. 
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Fig. 34: An overview of particle precipitation observed on 28 February 2015 from MetOp-01 (A), 
MetOp-02 (B), NOAA-15 (C), and NOAA-19 (D) with the similar format to Figure 2. E) L–MLT 
polar plot with noon to the bottom: MetOp-01, MetOp-02, NOAA-15 and NOAA-19 trajectories 
during observed precipitation (gray areas in A–D) are in green, orange, magenta and purple, 
respectively; the time stamps in the legend indicate the precipitation UT time for MetOp-01 
(green), MetOp-02 (orange), NOAA-15 (magenta) and NOAA-19 (purple); RBSP-A trajectory 
between 20:10 UT and 21:35 UT is in red, where thicker lines indicate EMIC wave observations 
with the starting and ending time marked with the red time stamps. The RBSP-A location at the 
UT time of observed precipitation for MetOp-01 and MetOp-02 is indicated with a green and an 
orange diamond, respectively. Gray arcs represent observations at ground-based magnetometer 
stations at SGO/OUL, CARISMA/ISLL and Halley mapped in the L–MLT plane, where the time 
interval of the detected EMIC wave activity was marked. 
Fig. 34E shows the summary of the precipitation events in an L–MLT polar plot. We 
plot the trajectories of the LEO satellites only during the time interval of the observed 
precipitation (20:14–20:54 UT). MetOp-01 (green) and MetOp-02 (orange) were in 
conjunction with RBSP-A (red, shown over 20:10–21:35 UT), which detected EMIC 
waves from 20:28 UT to 21:20 UT (thicker red line). Note that during the MetOp-02 
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precipitation, RBSP-A did not observe EMIC wave activity, however, this effect is 
probably caused by spatial effects: the L and MLT values between the two satellites differ 
significantly. In fact, once RBSP-A approached the L-shell of MetOp-02 (L ~ 4.4), it 
detected EMIC waves. NOAA-15 and NOAA-19 were far from being in conjunction with 
RBSP-A, however, their precipitation signature was still likely EMIC-driven, given ground 
observations of EMIC waves simultaneously at OUL, Halley and ISLL (gray arcs). In 
summary, all four spacecraft show a similar pattern of electron precipitation occurring in a 
rather large L–MLT range (MLT ~ 16.5–20.9 and L ~ 3.7–5.1). 
3.4 Case study 3 
The final case is an extension of the event shown in Chapter 2, occurring on 24 
September 2013. To have a more complete picture, I used both RBSP-A and RBPS-B, 
which observed EMIC waves approximately at a similar UT time. Three conjunctions 
(MetOp-01, MetOp-02 and NOAA-16) with RBSP-A (post-dusk) and one (NOAA-15) 
with RBSP-B (pre-dusk) were identified. Due to severe proton contamination, only clear 
electron precipitation for >700 keV electrons is shown, and is found to have a spatial extent 
of ~0.4 L shell in the post-dusk sector. Precipitation in the pre-dusk sector instead was 
observed ~ 2 hours after that in the post-dusk sector, showing a very low electron flux and 
a narrow width. Considering that during this event the radiation belts suffered from 
significant electron flux dropouts (as shown in the PSD profiles in Chapter 2.2), it is 
reasonable that the electron precipitation signature was weaker at a later UT time.  
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Fig. 35 shows wave observations from both RBSP, followed by the particle 
precipitation data in Fig. 36. Fig. 35A shows wave data from RBSP-A: EMIC waves were 
observed over ~11:30–13:00 UT (red horizontal band, panel g) inside the plasmasphere 
(Fig. 35Ab), simultaneously with ~10s keV proton injections (shown in Figure 1 in 
Capannolo et al., 2018 or Fig. 26), dominant in the He-band, but extending partially in the 
H-band as well, especially at lower L-shells. Simultaneously, hiss and magnetosonic waves 
were also observed during the inbound orbit of RBSP-A. Fig. 35B shows the wave 
observations from the RBSP-B outbound orbit: weak He-band waves were observed at 
around ~13 UT and with stronger intensities after 13:20 UT in both H-band and He-band, 
highlighted by the light blue horizontal bars (panel g). It is worthwhile to note that these 
EMIC waves were observed in the high-density region inside the plasmasphere (Fig. 
35Bb). Very weak hiss and magnetosonic waves were also detected from ~12:30 UT to 
~13:50 UT. During these observations, both probes were in the plasmasphere with densities 
of ~100s cm-3. Engebretson et al. (2018) extensively showed additional EMIC wave 
observations occurring during this day, observed by ground-based magnetometers (e.g., 
CARISMA, STEL, Halley, etc.), confirming that the wave activity persisted for hours and 
covered a large region in L shells and MLT (see Figure 5e in Engebretson et al., 2018). 
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Fig. 35: Observations from RBSP-A and RBSP-B on 24 September 2013 with the same format as 
in Figure 1. The bars at the bottom show the UT time of EMIC wave activity marked with thick 
lines along the RBSP trajectory in Fig. 36E (red for RBSP-A, light blue for RBSP-B). 
POES observations and the L–MLT polar plot summary are shown in Fig. 36, with 
the similar format to that of Fig. 32 and Fig. 34. The in-depth analysis of the MetOp-01 
observations was performed in Capannolo et al. (2018) and shown in Chapter 2. Isolated 
proton precipitation was clear for MetOp-01 and NOAA-15, while precipitation persisted 
for a wider L shell range for MetOp-02 and NOAA-16. NOAA-15 shows a very interesting 
precipitation pattern with double precipitation signatures for protons occurring at 13:20:30 
UT and then again at 13:21 UT, extending for ~40 s. However, the trapped flux for E4 
(E490) was at background level, similar to the precipitating flux (E40), narrowing the 
precipitation width to DL~0.2. Such low flux level is reasonable considering the fact that 
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NOAA-15 precipitation occurred 2 hours later than the first precipitation event (NOAA-
16); persistent relativistic electron precipitation likely has depleted the trapped electron 
population, as shown in the phase space density analysis in Capannolo et al. (2018) and 
Chapter 2.2.  
 
Fig. 36: An overview of particle precipitation observed on 24 September 2013 from MetOp-01 
(A), MetOp-02 (B), NOAA-15 (C), and NOAA-16 (D). E) L–MLT polar plot with noon to the 
bottom: MetOp-01, MetOp-02, NOAA-15 and NOAA-16 trajectories during the observed 
precipitation (gray areas in A–D) are in green, orange, magenta and purple, respectively; the 
time stamps in the legend indicate the precipitation UT time for MetOp-01 (green), MetOp-02 
(orange), NOAA-15 (magenta) and NOAA-16 (purple); RBSP-A trajectory between 11:15 UT and 
13:10 UT is in red, RBSP-B trajectory between 12:25 UT and 14:10 UT is in light blue, where 
thicker lines indicate the EMIC wave observations with the starting and ending time marked with 
the red time stamps. The RBSP-A location at the UT time of observed precipitation for MetOp-01, 
MetOp-02 and NOAA-16 is indicated with a green, an orange and a purple diamond, 
respectively. The purple diamond on top of RBSP-B trajectory indicates the location at the UT 
time of the precipitation observed by NOAA-15. 
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Fig. 36E summarizes the precipitation events in the L–MLT polar plot, displaying the 
trajectories of the POES satellites during the observed precipitation (gray shaded areas in 
Fig. 36A – Fig. 36D), as well as RBSP-A (red, inbound) and RBSP-B (blue, outbound). 
All electron precipitation events occurred in the high-density region inside the 
plasmasphere, as can be inferred from the in situ density measurement of RBSP-A (Fig. 
35Ab) and RBSP-B (Fig. 35Bb). This case study shows a wide precipitation range in L 
shell. The precipitation on the night side (MetOp-01, MetOp-02, NOAA-16) covered 
DL~0.4–0.5. Such observations suggest that favorable conditions for EMIC-driven 
scattering occurred in localized regions, but with a larger extent than what was observed in 
the above two events. Simultaneous proton and electron precipitation indeed was observed 
from 11:32 UT (detected by NOAA-16) to 13:21 UT (observed by NOAA-15), at multiple 
locations over 16.3–20.4 MLT and 3.7–4.7 L shell. 
3.5 Pitch Angle Diffusion Coefficients 
For the tightest magnetic conjunctions of these case studies, the pitch angle diffusion 
coefficients and the pitch angle distributions are provided, similarly to Chapter 2.3. I found, 
once again, that He-band EMIC waves dominated the pitch angle scattering of electrons 
beyond ~MeV energies. The analysis for the 24 September 2013 RBSP-A/MetOp-01 
conjunction is already shown and discussed in Chapter 2.3. 
The diffusion coefficients are shown in Fig. 37a–d for the 10 September 2015 (Case 
1) event and in Fig. 38a–d for the 28 February 2015 (Case 2) event. Fig. 37e and Fig. 38e 
show the equatorial electron flux (normalized to that at 90° equatorial pitch angle) as a 
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function of equatorial pitch angle, color-coded by energy, respectively for 10 September 
2015 and 28 February 2015, respectively. The dashed vertical lines indicate the equatorial 
bounce loss cone at the L value during conjunction (L~4.1 for Case 1, L~3.8 for Case 2). 
We show with gray shaded regions the ranges of equatorial pitch angles measured by the 
0° and 90° telescopes, given their full field-of-view of 30°.  
For Case 1, Fig. 37a–d show the pitch-angle diffusion coefficients from the wave 
spectra measured by RBSP-A averaged over a 5-min interval centered at 20:07 UT. In this 
time interval, density is ~180 cm-3, and the ratio of plasma to electron cyclotron frequency 
(fpe/fce) is 11.1. The He-band EMIC waves (Bw~0.4 nT) are weaker than the H-band EMIC 
waves (Bw~1.3 nT), however, the diffusion coefficients are comparable and lead to 
scattering of electrons into the loss cone on timescales of ~10 min. Only electrons with 
low-intermediate pitch angles and relativistic energies are scattered by EMIC waves 
through cyclotron resonance, consistently with previous studies (Capannolo et al., 2018; 
Usanova et al., 2014; Zhang et al., 2016). The calculated minimum resonant energy for the 
EMIC waves can extend down to hundreds of keV, however, the timescales at such energy 
values are very long (~day). The diffusion coefficients for plasmaspheric hiss (Fig. 37c, 
Bw~49 pT) are dominant up to ~1 MeV, but the associated shortest pitch angle scattering 
timescale is ~1.4 h. Magnetosonic waves (Fig. 37d, Bw~41 pT) have very weak diffusion 
coefficients at high pitch angles (>60°), and thus do not contribute to the precipitation of 
electrons. 
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Fig. 37: Quasi-linear estimates of electron pitch angle scattering driven by various 
magnetospheric waves for the event of 10 September 2015, during RBSP-A/NOAA-15 
conjunction. A) Drift and bounce averaged pitch angle diffusion coefficients in s-1 as a function of 
pitch angle and energy for He-band EMIC waves, b) H-band EMIC waves, c) plasmaspheric hiss, 
and d) magnetosonic waves. Bw is the root-mean-square wave amplitude, and fm is the central 
frequency of the EMIC wave spectra. e) Normalized electron flux as a function of equatorial pitch 
angle, color-coded by energy in MeV: the dashed vertical line indicates the equatorial bounce 
loss cone angle at L = 4.1 (at closest conjunction), and gray areas indicate the pitch angle ranges 
for the 0° (left) and 90° telescope (right) obtained considering a 15° half-angle field of view, 
during conjunction in Fig. 32. 
Fig. 37e shows the normalized pitch angle distribution within 10° of equatorial pitch 
angle. The loss cone (gray area to the left of the vertical dashed line) tends to become more 
filled with increasing energy: 100s keV electrons show a much lower normalized flux than 
that of >1 MeV electrons. As expected and similarly for Case 3, EMIC waves are more 
efficient in scattering higher energy electrons into the loss cone than lower energy ones. In 
addition, the normalized flux at 5.2 MeV is lower than that at 3.4 and 4.2 MeV, which 
agrees with the He-band EMIC wave diffusion coefficient profile, peaking at ~4 MeV. This 
result overall agrees with the high precipitating-to-trapped ratio measured by both NOAA-
15 and NOAA-18 satellites during the precipitation shown in Fig. 32A–2B: the ratios in 
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E2 and E3 channels are on average 0.05, whereas the one in E4 is ~0.4. The trend of strong 
precipitation at relativistic energies but not at low energies is consistent with the NOAA 
observations. 
For Case 2, the pitch angle diffusion coefficients in Fig. 38a–d are calculated using 
quasi-linear theory based on the RBSP-A wave observations averaged over 20:32–20:36 
UT, in conjunction with MetOp-01 observations of electron precipitation. Note that for the 
proximity in L and MLT between these waves and MetOp-02 location, the quasi-linear 
results can be compared to MetOp-02 precipitation observations as well. The total electron 
density in this event is ~90 cm-3 and fpe/fce ratio is 9.3. He-band EMIC waves dominate the 
pitch angle scattering, given their high amplitude of 1.5 nT. They precipitate >5 MeV 
electrons at low-to-intermediate pitch angles on timescales of ~5 min. H-band EMIC waves 
were weaker (Bw ~0.6 nT) and did not contribute much to the pitch angle scattering, 
similarly to plasmaspheric hiss (Bw ~18 pT) and magnetosonic waves (Bw ~18 pT). As for 
the 10 September 2015 event (Case 1), the minimum resonant energy for EMIC waves can 
extend down to 100s of keV, but the timescales at these energies are too long to lead to 
efficient electron precipitation. By comparing the diffusion coefficients of EMIC waves 
between Case 1 and Case 2, a stronger EMIC wave activity (H-band for Case 1, He-band 
for Case 2) causes faster pitch angle scattering than a weaker EMIC wave. In addition, in 
agreement with theory, EMIC waves with center frequencies closer to the ion 
gyrofrequency lead to lower minimum resonant energy. 
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Fig. 38: Quasi-linear theory results for 28 February 2015, during RBSP-A/MetOp-01 
conjunction (similar format to Fig. 37). The dashed vertical line indicates the equatorial bounce 
loss cone angle at L = 3.8. 
Fig. 38e shows the normalized flux as a function of equatorial pitch angle, derived 
from the diffusion coefficients on the left. As for the previous case, the loss cone fills up 
more as energy increases, showing that EMIC waves are more efficient in scattering higher 
energy electrons. As a result of the intense observed He-band EMIC waves, the loss cone 
is more filled than that in Case 1 and the theoretical precipitating-to-trapped ratio is larger. 
POES E3 observations in Fig. 34B–D suggest that electron precipitation extended to 
energies as low as ~300 keV, which cannot be explained by the quasi-linear theory. 
However, the precipitation-to-trapped ratio in the E4 channel is stronger than that in the E3 
channel, in agreement with an increasing precipitating-to-trapped ratio estimated from 
theory. 
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3.6 Summary and Conclusions 
In this Chapter, I described three case studies of precipitation events observed by 
multiple low-orbit satellites simultaneously with EMIC wave activity observed in the 
equatorial magnetosphere and/or at the ground by magnetometers (15 September 2015, 28 
February 2015, and 24 September 2013). Coordinated multi-satellite measurements 
allowed to explore the minimum L-shell extent of the proton and electron precipitation at 
various energies, as well as their durations and region where precipitation overall occurs. 
Quasi-linear simulations are shown to compare the scattering efficiency of the EMIC, hiss 
and magnetosonic waves to the observed electron precipitation. 
All the cases occurred during substorms, within the plasmasphere (at least during the 
periods when RBSP density measurements were available) and near the dusk sector, in 
agreement with previous studies (Yahnin et al., 2017; Shekhar et al., 2018), given the 
favorable region of EMIC wave excitation due to ring current proton injections (Jordanova 
et al., 2008). The precipitation trends at low orbit all show strong precipitation of both ring 
current protons and relativistic electrons (E4 channel onboard POES/MetOp), with 
precipitation patterns very similar across all the available LEO satellites located near the 
conjugate locations of the EMIC wave activity observed by RBSP.  
In the 10 September 2015 case study, simultaneous precipitation of protons and 
relativistic electrons was observed by two LEO satellites in conjunction with EMIC waves 
measured by RBSP-A. Within a 15-min window, both NOAA-15 and NOAA-18 observed 
very similar electron and proton precipitation patterns at ~18 MLT with an L-shell extent 
of ~0.3 for NOAA-15 and ~0.2 for NOAA-18. 
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Similar patterns of electron precipitation were also observed by four LEO spacecraft 
(MetOp-01, MetOp-02, NOAA-15, and NOAA-19) over 20:14–20:55 UT on 28 February 
2015. Electron precipitation was clearly observed in the E4 channel (>612 keV) and also 
extended into the E3 channel (>287 keV), simultaneously with proton precipitation. For 
this case study, satellites that observed precipitation were located in a ~4.4 hr MLT and 
~1.4 L-shell range in the dusk sector. In support of such large precipitation extent, EMIC 
wave activity was detected during the outbound RBSP-A orbit and also at multiple stations 
at the ground, covering the L–MLT ranges that consistently map to the POES locations. 
The precipitation width observed at each satellite, instead, seemed to be more localized in 
L-shell for the post-dusk events (DL ~ 0.1–0.2), and slightly more extended for those in the 
pre-dusk sector (DL ~ 0.3–0.4). An explanation for this is likely found in the different 
locations of the precipitation events: the post-dusk events differ from the pre-dusk ones by 
~4 hr in MLT, and it is very likely that the EMIC wave spectra and local plasma conditions 
driving precipitation were different at these two locations.  
The 24 September 2013 case study also consists of four LEO satellites (MetOp-01, 
MetOp-02, NOAA-15, and NOAA-16) detecting electron precipitation at different 
locations within ~2 hr UT (11:32–13:21 UT), ~1 L-shell (3.7–4.7) and ~4.1 hr in MLT 
(16.3–20.4). EMIC waves were observed by both RBSP-A and RBSP-B at locations that 
map consistently with the precipitation location observed by POES, but likely drive two 
different proton and electron precipitations over the pre-dusk and post-dusk sectors. 
Moreover, the precipitation extent at each spacecraft near the post-dusk sector is the largest 
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among the three case studies (DL ~ 0.4–0.5), whereas the observed precipitation near the 
pre-dusk sector spanned only DL ~ 0.2 due to electron population depletion. 
  Overall, an interesting feature observed in all of the above three case studies is that 
each single precipitation event detected by one LEO spacecraft is rather radially localized 
(average DL~0.3), suggesting that EMIC waves may efficiently pitch angle scatter 
electrons only in a localized region, likely where resonance conditions are met. Such a 
localized feature of REP events was observed in the statistical study by Shekhar et al. 
(2017) and mentioned in Engebretson et al. (2018) as well, and agrees with EMIC waves 
mainly occurring in localized L shells (Blum et al., 2016; Blum et al., 2017). The limited 
EMIC-driven scattering can also be seen in the time evolution of electron PSD profiles 
(e.g., Su et al., 2016; Shprits et al., 2017; Capannolo et al., 2018), where radiation belt 
dropouts (PSD minima) associated with EMIC waves occur only at localized L* ranges.  
However, either due to temporal evolution of the waves or the different 
characteristics of the EMIC wave properties in the magnetosphere, signatures of strong 
precipitation can also occur at various L shells and MLTs. Using a satellite constellation 
such as POES/MetOp was very useful to investigate these spatial and temporal phenomena. 
In this study, we were able to explore the spatial extent of precipitation driven by EMIC 
waves, and found that precipitation can occur in different locations within a rather broad 
L–MLT region (up to ~1.4 L-shells and ~4.4 hr MLT), consistent with the statistical results 
by Shekhar et al. (2017). For our cases, the EMIC waves observed at widely different L 
and MLT locations (case study 2 and 3) might not be necessarily correlated, but can clearly 
still drive efficient proton and electron precipitation in the nearby regions, as detected by 
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POES/MetOp. It is important to note that the precipitation extent in L shell and MLT, as 
well as its duration reported in this study, are only a lower limit, due to the limited 
availability of the POES satellites in the region of interest. In reality, such precipitation 
could potentially extend beyond the identified region in this paper. 
As for the energy of electrons precipitating into the upper atmosphere, the 10 
September 2015 case corresponds to the traditional precipitation of relativistic electrons 
driven by EMIC waves occurring only in the relativistic electron channel (Ni et al., 2015). 
These observations are consistent with the results of quasi-linear theory shown in this 
study. Since the EMIC waves in the intervals of study are the most intense waves, they 
dominate the pitch angle scattering and lead to a normalized pitch angle distribution with 
a loss cone that fills up as the electron energy increases, confirming that EMIC waves are 
most efficient in scattering > ~1 MeV electrons into the upper atmosphere. The 24 
September 2013 case also showed clear electron precipitation at relativistic energy, which 
is consistent with the quasi-linear estimate (shown in Capannolo et al., 2018), granting it 
is not entirely clear whether such electron precipitation extended to even lower energies 
due to the severe proton contamination in the low energy electron channels (see Appendix 
A.2.1). Interestingly, the 28 February 2015 case also showed unexpected precipitation at 
lower energy (E3, >287 keV). Such a feature is significantly underestimated by the quasi-
linear theory, suggesting that the quasi-linear diffusion approach might not be suitable to 
explain the interaction between EMIC waves and lower energy electrons. On the other 
hand, the theoretical work by Chen et al. (2016) demonstrated that EMIC waves can 
potentially scatter electrons down to 100s keV via nonresonant interactions, which may 
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explain the significant percentage of precipitation events with the energy peak at ~300 keV 
observed in the statistical study by Hendry et al. (2017). As mentioned, although POES 
constellation has the advantage of measuring both proton and electron precipitation at 
various MLT sectors, only integral electron channels are onboard, which does not allow to 
directly understand the minimum energy of the precipitating electrons. Direct and 
unambiguous evidence of sub-MeV and subrelativistic electron precipitation is still limited 
and is discussed in Chapter 4 and 5. 
In summary, our findings provide clear evidence that, although precipitation events 
driven by EMIC waves span a narrow L shell extent (on average DL ~ 0.3), they are 
triggered in various locations, likely within a rather wide region of L shells and MLT 
sectors and still maintaining an overall similar pattern of precipitation. Such results could 
further explain why electron precipitation is localized, but still potentially lead to electron 
dropouts in the outer radiation belt.  
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4 EVIDENCE OF SUBRELATIVISTIC ELECTRON PRECIPITATION 
DRIVEN BY EMIC WAVES 
As mentioned in the Introduction, one of the open questions on EMIC-driven 
precipitation regards the minimum energy (Emin) of electrons subject to efficient scattering. 
The goal of this Chapter is to provide evidence that EMIC waves are not only efficient in 
driving precipitation of relativistic electrons, but can also potentially scatter subrelativistic 
electrons. The analysis conducted in previous Chapters in the dissertation did not allow to 
directly identify the lowest energy threshold of precipitation since only integral energy 
channels are available from the POES constellation. In this Chapter, I considered a new 
LEO satellite, which allows to improve our understanding on Emin. The new dataset is 
provided by the twin CubeSat mission called FIREBIRD-II (described further in the 
Appendix), which has the advantage of measuring electrons in one integral energy channel 
>MeV and five differential ones with energy down to ~250 keV, free from proton 
contamination, allowing to evaluate if subrelativistic electron precipitation occurs and at 
which corresponding energy.  
In a similar approach used so far, I searched for a magnetic conjunction between 
observations of EMIC waves and precipitation of electrons at low orbit, collecting all 
possible evidence for a typical EMIC-driven signature. Quasi-linear theory is again used 
to quantify the effects of the observed waves in driving the precipitation, also considering 
a new technique to include hot plasma effects. In the event discussed in this Chapter, 
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FIREBIRD observed precipitation of electrons down to ~250 keV and up to ~MeV, while 
RBSP-A detected EMIC waves in a similar region. Nearby POES satellites also observed 
precipitation of protons, suggesting that the precipitation observed at FIREBIRD was 
indeed driven by EMIC waves. Quasi-linear theory predicted efficient precipitation only at 
>0.8–1 MeV (due to H-band EMIC waves), suggesting that other wave-particle 
mechanisms are required to explain the subrelativistic precipitation. The findings presented 
in this study provide direct evidence of subrelativistic precipitation driven by EMIC waves, 
although improvements on the theoretical explanation are still needed. 
Observations of electron and proton precipitation as well as wave measurements are 
presented in section 4.1, and the electron phase space density evolution is shown in section 
4.2. Quasi-linear theory results are reported in section 4.3, and the summary and 
conclusions of the study are discussed in section 4.4. This Chapter is based on Capannolo 
et al. (2019b), published in Geophysical Research Letters. 
4.1 Observations from Multi-Point Measurements 
Fig. 39A-B show the electron observations by FIREBIRD-II (hereafter simply 
FIREBIRD, see details in Appendix A.3) over 2–3 UT on 09 July 2017. Previous studies 
have been successful in investigating characteristics and spatial/temporal structure of 
electron microbursts through FIREBIRD data (Breneman et al., 2017; Crew et al., 2016; 
Shumko et al., 2018). However, FIREBIRD also has the potential of studying other 
precipitation patterns, such as EMIC-driven precipitation. Count rates are converted to 
differential fluxes at the central (lowest) energy for the differential (integral) energy 
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channels using a GEometry And Tracking (GEANT4) simulation. Fig. 39a-b present the L 
shell and magnetic local time (MLT) values (solid lines) of FU4 and FU3 for different 
magnetic field models (T89 in black (Tsyganenko, 1989) and T05 in blue (Tsyganenko & 
Sitnov, 2005)). The MLT values for T89 and T05 overlap. Bottom panels show the high-
resolution electron flux color-coded with energy. FU4 and FU3 crossed the same region 
within ~11 min and both observed electron precipitation across all energy channels, 
indicating that it occurred not only for relativistic electrons but also for subrelativistic ones, 
at least down to ~250 keV. While FIREBIRD does not have a fixed pointing direction, it 
is reasonable to assume that the observations in this case correspond to precipitating 
electrons rather than trapped ones, given the FIREBIRD location West of the South 
Atlantic Anomaly (lat ~ -66°, lon ~ -148°, within a region of quasi-trapped particles as in 
Greeley et al. (2019), Figure 1), and no other electron or proton enhancements West of 
FIREBIRD (NOAA-19 at ~2:30 UT, MLT~13–14, not shown), which excludes the 
presence of electrons drifting from West. 
Fig. 40 shows a schematic overview of the trajectories of the satellites used in this 
study and the collection of the ground-based observations onto the L–MLT plane. Both FU 
were in close L shell conjunction with Van Allen Probe A (RBSP-A, dashed lines, Fig. 
39a-b) at ~02:26:26 UT and ~02:37:54 UT respectively, with DMLT ~ 1.6. 
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Fig. 39: FIREBIRD-II observations: FU4 (A) and FU3 (B). a) L shell, b) MLT for FU (solid line) 
and RBSP-A (dashed line): the black (blue) line indicates the values from the T89 (T05) model, as 
marked in the x-axes; c) electron fluxes color-coded with energy channels from the 50 ms high-
resolution data, smoothed for better visualization with a 450 ms window. The gray (blue) shaded 
block shows the T89 (T05) L shell extent of EMIC waves observed by RBSP-A mapped onto the 
FIREBIRD trajectories. The x-axes values refer only to the FIREBIRD units. 
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Fig. 40: Color-coded trajectories of the satellites observing the event and location of the 
collection of ground-based stations observing EMIC waves (gray region) mapped onto the L 
(T89)–MLT plane. Thicker lines on RBSP-A and GOES-15 indicate the intervals when EMIC 
waves were detected (~02:30–02:55 UT, and ~01:30–2:00 UT and 3:00–04:10 UT). The legend 
shows the time intervals of the trajectories plotted; for the POES satellites, the time stamps 
indicate when proton precipitation was observed; for FU, the time stamps refer to the UT 
intervals of the gray blocks in Fig. 39A and B. 
Observations by RBSP-A (Fig. 41) are useful to understand the driver of the 
precipitation observed by FIREBIRD. The event occurred during a strong substorm (AL ~ 
-900 nT, Fig. 41a), but over a nonstorm period (Dst > -20 nT). Over 02:00–03:30 UT, 
RBSP-A was travelling inbound within the plasmasphere (density ~ 130 cm-3, Fig. 41b) on 
the dusk side. Fig. 41c–f show the enhancement of magnetosonic (MS) waves (~37 pT) 
with frequency below the lower hybrid resonance frequency (fLH) identified based on their 
linear polarization (ellipticity ~ 0, Fig. 41e) and oblique propagation (Fig. 41f). Moreover, 
very weak hiss emissions (~8 pT) were observed inside the plasmasphere. EMIC waves 
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were observed simultaneously (Fig. 41g), both in the Helium and Hydrogen band over 
~02:30–02:55 UT. RBSP-B, traveling at lower L shells (~3.0–5.2), did not observe EMIC 
waves. Proton flux (Fig. 41h) showed injection of ~10s keV protons from the magnetotail, 
associated with enhanced EMIC wave activity.  
 
Fig. 41: Overview of wave observations. From RBSP-A: a) AL index, b) total electron density, c) 
and d) frequency-time spectrogram of electric and magnetic spectral density, e) ellipticity, f) 
wave normal angle, g) spectrogram of magnetic spectral density from MAG, h) proton flux from 
HOPE. i) GOES-15 EMIC wave observations. EMIC wave observations at ground-based 
stations: j) CARISMA/MCMU, k) ISEE/ATH, l) CARISMA/MSTK, m) CARISMA/PINA, with 
indicated L and MLT values from IGRF and T89 (in parentheses). The vertical dashed lines 
indicate the UT of magnetic conjunction with FU4 (black) and FU3 (magenta). L T89 (black) and 
L T05 (blue) on the x-axes indicate the L shell values from the T89 and T05 magnetic field model, 
respectively. 
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The L shell extent of EMIC waves observed by RBSP-A was L ~ 5.4–5.7 for T89 (L 
~ 5.7–5.9 for T05), projected along the FIREBIRD trajectories as a gray (blue) vertical 
colored block in Fig. 39c. The strongest electron precipitation observed by FIREBIRD was 
consistent with the L shell extent and location of the EMIC waves observed by RBSP-A, 
although the two spacecraft were ~1.6 MLT apart. In addition, given that the electron flux 
outside this L shell extent was still larger than the background level, especially at lower L 
shells, precipitation may have occurred even beyond this region, probably due to a larger 
extent of EMIC waves than that observed by RBSP-A alone. In fact, GOES-15 also 
recorded EMIC wave activity near dusk over L shells of ~6.5–7.5 (Fig. 41i) before 2 UT 
and after ~3 UT (the waves observed over 2–3 UT are probably relevant to other ultra-low 
frequency waves). Additionally, EMIC wave activity was recorded at ground, as shown in 
Fig. 41j–m by the stations MCMU, MSTK and PINA in the CARISMA array and ATH 
magnetometer, part of ISEE. The extent of these observations is likely relevant to 
ionospheric ducting (Kim et al., 2010). The collection of such ground magnetometer 
observations (L ~ 4.1–5.3, MLT ~ 17.7–20.4), together with the observations from RBSP-
A and GOES-15, showed that EMIC wave activity occurred over a rather broad region, 
although these observations are not necessarily relevant to the same EMIC waves 
stretching in L and MLT. 
The EMIC waves spectrum for the event analyzed is shown in Fig. 42. The wave 
power of the He-band was still high at frequencies approaching the Helium gyrofrequency, 
thus potentially lowering the minimum resonant energy of electrons that can be scattered 
by EMIC waves. On the contrary, H-band EMIC waves showed a decreasing power with 
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increasing frequency, with no significant power towards fcH. Note that the EMIC waves 
spectrogram (Fig. 41g) shows a horizontal line at ~0.6 fcH (likely instrumental), which has 
been removed in Fig. 42 and is not included in the quasi-linear diffusion coefficient 
calculations. 
 
Fig. 42: Spectrum of the EMIC waves observed by RBSP-A, averaged over a 5-min window 
(02:37–02:42 UT): the averaged magnetic wave intensity (mean value) as a function of 
normalized wave frequency f/fcH, where fcH is the proton cyclotron frequency. fm is the frequency 
at the maximum intensity. The dashed line indicates the He cyclotron frequency fcHe = 0.25 fcH. 
As discussed so far, EMIC waves typically scatter not only electrons but also ~10s 
keV protons. Since FIREBIRD only provides electron measurements, we take advantage 
of the NOAA/POES constellation to investigate the evidence of proton precipitation. 
NOAA-18 and NOAA-19 (Fig. 43) were traveling in a similar L–MLT region to RBSP-A 
and FIREBIRD (Fig. 39C). Lower energy electron channels were contaminated by protons 
during this time interval, thus are not shown in Fig. 43. NOAA-18 (Fig. 43A) observed 
strong proton precipitation in the P1-P2-P3 channels over 02:21:15–02:23:45 UT, crossing 
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L shells of ~5–9 and MLT of ~16–17, which occurred right before FU4 observed electron 
precipitation in a slightly earlier MLT (∆MLT ~ 1–2). Such observation suggests that 
EMIC waves were potentially extended at least over ~1 MLT from the location of 
FIREBIRD. While the precipitation at the highest L shells could be caused by current sheet 
scattering (CSS, Gilson et al, 2012; Yahnin et al., 2016, 2017), precipitation at lower L 
shells lacked the typical CSS energy dispersion with higher energy electron precipitation 
occurring at lower L shells and instead occurred simultaneously at all proton energies, 
suggesting that EMIC waves were driving such precipitation at least at lower L shells.  
 
Fig. 43: POES observations: A) NOAA-18 and B) NOAA-19. Panels: i) L shell from T89 (black), 
T05 (blue) and IGRF (red); ii) MLT from T89 (black) and IGRF (red) – note: MLTs from T89 
and T05 overlap; iii) trapped (dot-dashed) and precipitating (solid) proton flux from different 
energy channels (P1: 30–80 keV in black, P2: 80–250 keV in blue, P3: 250–800 keV in red); iv) 
trapped (dot-dashed) and precipitating (solid) electron flux from the relativistic energy channel 
(> ~700 keV in red). The colored blocks show the L shell extent of the EMIC waves observed by 
RBSP-A for T89 (gray) and T05 (blue) mapped onto the POES trajectories. 
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NOAA-19 (Fig. 43B), instead, showed no CSS energy dispersion and indeed 
observed a clearer isolated proton precipitation lasting for a few 10s of seconds, while 
crossing L shells of ~5–6 and ~17.4–17.7 MLT over 03:34:57–03:36:02 UT, ~1 hr later 
than the FU3 electron precipitation, further supporting the MLT extension and duration of 
the EMIC waves. For both NOAA-18 and NOAA-19 the L shell extent of EMIC waves 
observed by RBSP-A is marked, similarly to that in Fig. 39 (T89 in gray and T05 in blue). 
These areas approximately coincide with the region where precipitation of protons was 
detected by POES and also where electron precipitation was observed by FIREBIRD (Fig. 
39A-B). The precipitating and trapped electron fluxes at >700 keV for both NOAA 
satellites were overall at the background level, either because of the substantial electron 
flux dropout that occurred at ~MeV discussed in the following section or due to a higher 
background level of the NOAA electron measurements: the narrower field-of-view indeed 
causes a higher noise floor (Nesse Tyssøy et al., 2016; Peck et al., 2015; Rodger et al., 
2010). These observations, together with ground-based measurements, provide additional 
evidence that EMIC waves were active longitudinally and driving scattering at MLTs 
between RBSP-A and FIREBIRD locations. 
4.2 Evolution of Electron PSD 
Electron PSD evolution is shown in Fig. 44, in a similar format to Fig. 29, calculated 
over the interval including RBSP-A EMIC wave observations (00–05 UT). PSD showed 
decreases from the first pass (black to dark blue lines) to the second one (cyan to green) 
within a narrow region of L* ~ 4.8–5.1 (highlighted by gray blocks), with more evident 
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PSD dips for increasing values of µ and K. For example, at low µ and K in Fig. 44a (~60° 
pitch angle and energy ~300 keV, at L* ~ 4.8–5.1), even though the electron PSD dropout 
was present, it was not as clear as that at higher µ in Fig. 44g, where the electron energy is 
~1 MeV. Similarly, the PSD dip in Fig. 44a is less evident than that in Fig. 44c where 
higher values of K correspond to lower pitch angles (~30°). These PSD dips that occurred 
within such a spatially narrow region and deepened with increasing values of µ and K are 
consistent with local pitch angle scattering losses caused by EMIC waves (Shprits et al., 
2017; Su et al., 2016; Xiang et al., 2017). Reasonably, the region where these PSD minima 
occurred for this event overall agrees with the location, spatial extent (L* ~ 4.7–4.9), and 
UT (~2–3 UT) of EMIC waves observed by RBSP-A (and also electron precipitation 
observed by FIREBIRD), suggesting that these waves are important in this event for 
depleting the outer radiation belt electrons through scattering them into the loss cone. Since 
the dips were already visible at relatively low values of µ (~200 MeV/G), such a loss was 
effective at subrelativistic energies as well. 
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Fig. 44: Evolution of electron phase space density (PSD) as a function of L* (T05). Columns 
(rows) show the PSD at constant values of the first (second) adiabatic invariant µ (K) with 
varying values of the second (first) adiabatic invariant K (µ). PSD is color-coded every 30 
minutes. Vertical gray blocks highlight the PSD dips. 
4.3 Quantifying Electron Precipitation Using Quasi-Linear Theory 
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in the closest conjunction with FIREBIRD-II, despite the ~1.6 MLT difference. Therefore, 
we adopt the plasma and wave observations from RBSP-A (averaged over 02:37–02:42 
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MS waves and EMIC waves) were primarily driving the electron precipitation, assuming 
that the wave and plasma conditions (near the equator) at the perfectly conjugate location 
to FIREBIRD are similar to those at the location of RBSP-A. The ratio of plasma frequency 
and electron gyrofrequency (fpe/fce) is ~22.9. The EMIC wave spectrum used in the 
simulation has lower cutoffs of 0.26 fci (i: H, He), and upper cutoffs of 0.99 fcHe for He-
band and 0.65 fcH for H-band, by only considering the wave power well above the 
background noise level (>10-2 nT2/Hz). EMIC waves are assumed to be field-aligned 
(consistent with the observations by RBSP-A), which leads to similar results by using the 
latitudinally varying wave normal distribution (Ni et al., 2015). In the previous Chapters, 
we have assumed a cold ion composition of 70% H+, 20% He+ and 10% O+, as that in 
previous statistical results (Lee & Angelopoulos, 2014; Meredith et al., 2014). The pitch 
angle diffusion coefficients for EMIC waves with this assumption are in Fig. 45, which 
shows that He-band EMIC waves are dominating the pitch angle scattering for electrons at 
200 keV and above, consistent with FIREBIRD observations. H-band EMIC waves, 
instead, have much lower diffusion coefficients, but can extend to even several tens of keV 
energies. Studies by Capannolo et al. (2018) and (2019a) showed diffusion coefficients of 
~10-3 s-3 only at ~MeV energies, while this event clearly shows that such a strong pitch 
angle scattering rate (>10-3 s-1) already occurred at subrelativistic energies (a few hundred 
keV). The He-band EMIC waves observed in this event on 09 July 2017 were more intense 
than those observed in Capannolo et al. (2019a), however, weaker than that shown in 
Capannolo et al. (2018). The special feature of the EMIC waves observed in the present 
case is that the wave power at frequencies approaching the helium gyrofrequency (fcHe) 
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was still significantly high (Fig. 42), thus may have played an important role in lowering 
the minimum resonant energy of electrons. Contrary to previously analyzed cases, the 
minimum energy of electrons scattered by He-band EMIC waves indeed extends down to 
a few hundred keV at low pitch angles. 
 
Fig. 45: Pitch angle diffusion coefficients for He-band (a) and H-band (b) EMIC waves, with ion 
composition as 70%:20%:10% (H:He:O). 
However, for this case study we improved our estimate by calculating the ion density 
from the lowest two HOPE energy channels (similarly to the methods used in Blum et al., 
2019; Gamayunov et al., 2018), which accounts for 84%:3%:13% (H+:He+:O+). Fig. 46a–
c show the bounce-averaged pitch angle diffusion coefficients for EMIC waves at L ~ 5.9, 
calculated from cold plasma quasi-linear theory (Ni et al., 2015; Summers, 2005) with this 
new calculated ion composition. From Fig. 46a-b, it is clear that the improved estimate of 
ion composition increases the Emin in the He-band EMIC waves to ~1 MeV, while the pitch 
angle diffusion coefficient of the H-band EMIC waves is higher, owing to a higher 
hydrogen ion percentage. The significant difference between Fig. 45 and Fig. 46 shows 
that the cold ion composition plays an important role in calculating the pitch angle diffusion 
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coefficients and using a better estimate of the ion composition (when available) likely 
provides a more realistic quasi-linear theory result. 
 
Fig. 46: Bounce-averaged pitch angle diffusion coefficients without (a–c) and with (d–f) 
including hot plasma effects: He-band (a, d), H-band (b, e), and total EMIC waves (c, f). Bw is the 
root-mean-square wave amplitude during the EMIC wave interval 02:37–02:42 UT and fm is the 
frequency corresponding to the highest EMIC wave intensity. g) Median (black) and fit (dashed 
gray) of the wave refractive index from the wavenumber analysis, and h) median Emin with the 
first and third quartiles (gray vertical bars) versus normalized frequency. i) Comparison between 
the strong diffusion limit (black) and the diffusion coefficients at the bounce loss cone color-
coded by each wave mode. 
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Fig. 47: Bounce-averaged pitch angle diffusion coefficients for a) plasmaspheric hiss and b) 
magnetosonic waves. Bw is the root-mean-square wave amplitude during the EMIC wave interval 
of 02:37-02:42 UT. 
Similar to previous cases analyzes, the diffusion coefficients for EMIC waves are 
higher than hiss and MS waves (shown in Fig. 47) at energies above several hundred keV, 
indicating that EMIC waves dominated the pitch angle scattering and primarily drove the 
observed electron precipitation. Such a result was overall expected considering that the 
observed EMIC waves were much stronger (~0.7–2.0 nT) than hiss or MS waves (~ 8–37 
pT). While He-band EMIC waves efficiently scatter electrons at > ~1 MeV at rates > 10-3 
s-1 (Fig. 46a), H-band ones scatter sub-MeV electrons at > ~800 keV (Fig. 46b).  
It is worthwhile to note that hot plasma effects could lead to wave damping near the 
ion cyclotron frequency, thus increase Emin to a higher value (Chen et al., 2011). In addition, 
cold plasma theory may become invalid at frequencies close to fcHe, where the He-band 
EMIC waves are strong (Fig. 41g). Therefore, we also adopt a wavenumber analysis (Chen 
et al., 2019), which contains the physics of hot plasma, based only on the electromagnetic 
wave data to extract the wavenumber spectrum, where background plasma approximations 
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or dispersion relation assumptions are not required. Two of the Maxwell’s equations for 
the components of the electromagnetic fields are solved in the frequency domain (for 
details, see Chen et al. (2019)) to obtain the median wavenumber spectrum (Fig. 46g, 
black). After performing a power-law fit to the obtained wave dispersion (Fig. 46g, gray) 
and assuming constant wavenumber spectrum along the field line, it is possible to calculate 
the bounce-averaged pitch angle diffusion coefficients (Fig. 46d–f) and the minimum 
resonant energy (Fig. 46h) for the observed parallel EMIC waves. As expected from hot 
plasma effects, He-band Emin increases (to ~4 MeV) compared to that predicted by the cold 
plasma calculation. Although the wavenumber spectrum shows high refractive index 
(kc/ω) in the H-band, lowering the hot plasma Emin down to ~700 keV, H-band EMIC 
waves can scatter electrons efficiently (> 10-3 s-1) only at > ~1 MeV.  
In order to evaluate the scattering efficiency of each wave type, we compare the 
diffusion coefficients at the bounce loss cone to the strong diffusion limit (Fig. 46i). We 
define electrons subject to “efficient pitch angle scattering” if their pitch angle diffusion 
coefficient is larger than 0.1 DSD, where DSD is the strong diffusion limit. With this 
definition, the minimum energy of electrons subject to efficient pitch angle scattering due 
to EMIC waves is ~800 keV (~1 MeV) for the results without (with) hot plasma effects 
included. Pitch angle scattering due to hiss and magnetosonic waves is well below the 
strong diffusion limit. All above findings indicate that H-band (He-band) EMIC waves play 
a dominant role in scattering electrons at energies ~0.8–4 MeV (>4 MeV) into the loss 
cone, suggesting that other mechanisms are required to precipitate electrons at < ~800 keV. 
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4.4 Summary and Conclusions 
 The principal findings of this study are summarized as follows.  
(1) Both FIREBIRD-II units observed electron precipitation from subrelativistic 
energies of ~250 keV up to ~1 MeV, strongest within L (T89) ~5.4–5.7 at ~17.9 MLT 
lasting at least ~11 min. 
(2) Near the time interval and location of precipitation, multi-point measurements 
from satellites and ground-based magnetometers recorded strong EMIC wave activity and 
EMIC-driven precipitation signatures. Among them, RBSP-A (the closest to FIREBIRD-
II, albeit with ΔMLT ~ 1.6) observed intense He-band waves (Bw ~2.0 nT) and modest H-
band waves (Bw ~0.7 nT). NOAA-18 and NOAA-19, crossing similar L shells at MLTs 
between FIREBIRD and RBSP-A, observed ~10s–100s keV proton precipitation as well, 
a typical signature of EMIC-driven precipitation.  
(3) Simultaneously with EMIC waves, plasmaspheric hiss and magnetosonic waves 
were also observed by RBSP-A, although much weaker (8 pT and 37 pT, respectively). 
The calculation of the quasi-linear pitch angle diffusion coefficients indicates that while 
hiss and magnetosonic waves did not scatter electrons efficiently, H-band (He-band) EMIC 
waves played a major role in driving the electron precipitation at energies ~0.8–4 MeV (>4 
MeV).  
 (4) The EMIC waves observed by RBSP-A over ~02:30–03:00 UT were also 
associated with electron flux dropouts in the outer radiation belt. The PSD profiles revealed 
by RBSP indeed show localized dips coincident with EMIC waves, which become more 
evident as µ and K increase. Interestingly, the PSD dips were evident at relatively low 
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values of µ, indicating that EMIC waves played a role in precipitating radiation belt 
electrons even at a few 100s keV. The scale size and location of PSD dips agree well with 
the L shell extent of EMIC waves and electron precipitation measured by FIREBIRD-II. 
It is important to note that the simulation results without (with) including hot plasma 
effects due to EMIC waves can only explain the electron precipitation at energies >~800 
keV (> ~1 MeV), requiring other mechanisms to explain the low energy electron 
precipitation down to ~250 keV. For example, nonresonant scattering (Chen et al., 2016) 
and nonlinear effects (Denton et al., 2019; Hendry et al., 2019; Kubota et al., 2015; Omura 
& Zhao, 2012, 2013) are suggested to lower the Emin down to a few hundred keV. However, 
the evaluation of these effects is beyond the scope of this dissertation project and left as 
potential future investigation. 
The results of our study are consistent with previous observations of subrelativistic 
electron precipitation (e.g., Capannolo et al., 2019a; Clilverd et al., 2015; Hendry et al., 
2017). However, the differential energy channels extending down to ~250 keV, available 
on FIREBIRD-II, allowed to directly and unambiguously detect subrelativistic electron 
precipitation without further assumptions or modeling, and without proton contamination, 
which has been limiting reliable observations from POES at subrelativistic energies. Owing 
to a combination of multiple satellites and ground-based stations, our study provides a 
direct observation of subrelativistic (at least down to ~250 keV) electron precipitation due 
to efficient pitch angle scattering potentially driven by the observed EMIC waves as 
summarized in (1) – (4), although quasi-linear theory is insufficient to explain the full 
precipitation energy range and no wave measurements were available at the exact 
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conjugate location to FIREBIRD. Nevertheless, this case study highlights FIREBIRD-II 
capabilities to provide electron measurements with high resolution in time and energy not 
only for microbursts, but also for other precipitation patterns, such as EMIC-driven 
electron precipitation, and also potentially provides a valuable interpretation of electron 
precipitation data from POES and other LEO satellites. In addition, I show how a different 
ion composition could lead to different values of Emin, indicating the importance of using a 
more accurate ion composition. Moreover, I provided a quantitative comparison of quasi-
linear results from hot vs. cold plasma dispersion relation, which sheds light upon 
evaluating the actual effects of EMIC waves on energetic electron precipitation. 
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5 LOCATION, EXTENT, AND MINIMUM ELECTRON ENERGY OF 
PRECIPITATING ELECTRONS: Multi-Event Analysis 
While a couple of events analyzed in this dissertation (events in Chapter 3 and 
Chapter 4) showed that EMIC-driven precipitation can indeed occur down to subrelativistic 
energies, it is important understand how often the Emin of electrons scattered by EMIC 
waves extends in the subrelativistic regime. The goal of this Chapter is to address this open 
question by expanding the dataset of precipitation events collected in Chapters 2, 3 and 4 
and specifically evaluating the lower energy threshold of observed electron precipitation 
potentially driven by EMIC waves.  
This Chapter mainly focuses on signatures of EMIC-driven precipitation observed by 
FIREBIRD occurring in magnetic conjunction with either EMIC waves observed by RBSP 
or typical EMIC-driven signatures observed by POES. Since FIREBIRD provides electron 
measurements at sub-MeV energy with high temporal and energy resolution, it allows to 
understand if the electron precipitation is systematically extending in these regimes when 
EMIC waves are present. Additionally, a larger dataset of events, together with the cases 
in Chapter 3 and 4, provides more information on the precipitation extent of a single event 
and the distribution of observed precipitation, other than a wider L–MLT coverage, which 
can be used to approximately estimate where energetic electrons are more likely to deposit 
energy into the upper atmosphere.  
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All precipitation events collected by FIREBIRD systematically showed precipitation 
of subrelativistic electrons (at least as low as ~200–300 keV) simultaneously with either 
EMIC wave observations (for the RBSP/FIREBIRD conjunctions) or typical EMIC-driven 
signatures (for POES/FIREBIRD conjunctions). Furthermore, all precipitation events 
occurred in localized regions (on average ~0.3 L) and were distributed over 16–23 MLT 
and within L ~ 7.5. These findings provide evidence that EMIC waves are often found to 
scatter subrelativistic electrons as well as relativistic ones. In addition, the results confirm 
that the precipitation region can be rather wide with bursty precipitation therein. Such 
information strengthens the need to understand theoretically how subrelativistic electrons 
are scattered and also provides an estimate of the energy and extent of the expected EMIC-
driven electron precipitation into the upper atmosphere, useful to quantify the radiation belt 
losses and the energy input into the atmosphere.  
This Chapter is organized as follows. Section 5.1 describes the coverage of the 
magnetic conjunctions available and lists the selected precipitation events, and section 5.2 
presents observations and a brief description of each magnetic conjunction considered in 
this study. Section 5.3 discusses the location, extent and lower energy threshold of the 
precipitation events, and section 5.4 provides an in-depth analysis of a POES/FIREBIRD 
conjunction, also by considering nearby EMIC-driven precipitation signatures. At last, 
section 5.5 presents the summary and conclusions of the Chapter. 
  
104 
5.1 Dataset Coverage and Identification of EMIC-Driven Precipitation 
Events 
The methods I used to identify EMIC-driven precipitation events are similar to those 
in previous Chapters: I search for magnetic conjunctions between different probes, but 
instead of limiting the search to only RBSP/FIREBIRD conjunctions during EMIC waves, 
I also consider POES/FIREBIRD conjunctions when proton precipitation is observed by 
POES. As shown so far, proton precipitation (together with relativistic electron 
precipitation) is indeed a typical EMIC-driven precipitation signature, which can be used 
as a proxy even in absence of direct EMIC wave observations.  
All the conjunctions RBSP/FIREBIRD (~600) and POES/FIREBIRD (~750) are 
shown in the L–MLT polar plot in Fig. 48 and Fig. 49, respectively. The RBSP/FIREBIRD 
conjunctions are provided by the FIREBIRD team at Montana State University with the 
following criteria: the L shell of FIREBIRD is larger than 3 and conjunctions occur if the 
L and MLT difference between RBSP and FIREBIRD is less than 1. For the POES 
conjunctions, I did not set restrictions on the L shell and allowed a wider L-MLT difference 
of 2. The conjunctions in Fig. 48 and Fig. 49 occur when FIREBIRD high resolution data 
was available, from the beginning of the mission (02/01/2015) until 29 July 2019 for RBSP 
and until 29 September 2019 for POES. The lines show the trajectories of the FIREBIRD 
unit in conjunction with either RBSP (Fig. 48) or POES (Fig. 49).  
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Fig. 48: FIREBIRD trajectories during conjunctions with RBSP in the L–MLT polar plane. The 
Sun is on the left. The cases marked in red are those selected because they show clear EMIC-
driven precipitation signature. The two red events at MLT~16 are conjunctions occurring on the 
same day. 
 
Fig. 49: FIREBIRD trajectories during conjunctions with POES in the L–MLT polar plane. The 
Sun is on the left. The cases marked in red are those selected because they show clear EMIC-
driven precipitation signature. 
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From Fig. 48 and Fig. 49, the L and MLT coverage of conjunctions is fairly broad, 
with only a significant MLT gap over 3–6 MLT for RBSP/FIREBIRD conjunctions. 
However, despite the numerous conjunctions, clear EMIC-driven precipitation events are 
very rare. Among all the conjunctions found (black lines), many had to be excluded 
because EMIC waves either did not occur or were observed concurrently with intense hiss 
or chorus waves. In addition, for some conjunctions when EMIC waves were detected, 
FIREBIRD was pointing towards the trapped population or its flux signal was too complex 
to interpret without further analysis. Similarly, for some POES/FIREBIRD conjunctions, 
POES exhibited typical EMIC-driven precipitation, but FIREBIRD observations were 
challenging to analyze. 
By excluding all ambiguous cases, I selected 3 RBSP/FIREBIRD and 7 
POES/FIREBIRD conjunctions in which EMIC-driven precipitation signatures were clear. 
Two of the RBSP/FIREBIRD conjunctions occurred on the same day. One of the 
POES/FIREBIRD conjunctions did not last long enough to show up in the plot in Fig. 49. 
For each event, the flux observed by the other FIREBIRD unit is also evaluated if it crossed 
the similar L and MLT conjunction region within ~1 h of the conjunction UT. Note that, 
for some of these cases, precipitation occurred more than once during the conjunction, thus 
I considered multiple UTs of precipitation (highlighted by the red vertical blocks in the 
event figures I show hereafter). I reported all the precipitation intervals in Table 1, together 
with the cases analyzed in previous Chapters in gray.  
 
 
  
107 
Date initial UT final UT probe <L> ∆L model <MLT> ∆MLT prec 
2019-02-04 19:46:16 19:46:28 FU4 7.03 0.32 T89 16.35 0.09 s 
2019-02-04 19:46:35 19:46:53 FU4 6.47 0.43 T89 16.19 0.12 s 
2019-02-04 20:04:40 20:05:05 FU3 5.84 0.51 T89 16.16 0.16 s 
2019-01-05 00:56:49 00:56:58 FU4 4.58 0.09 T89 22.78 0.06 s 
2019-01-05 00:57:21 00:57:39 FU4 4.99 0.22 T89 22.53 0.13 s 
2019-01-05 00:57:40 00:57:54 FU4 5.21 0.19 T89 22.41 0.10 s 
2019-01-05 01:14:44 01:14:47 FU3 4.58 0.04 T89 22.74 0.02 s 
2019-01-05 01:14:59 01:15:11.5 FU3 4.79 0.15 T89 22.61 0.09 s 
2019-01-05 01:15:12.5 01:15:20.3 FU3 4.92 0.10 T89 22.53 0.06 s 
2017-11-21 00:18:16 00:18:38 FU3 4.19 0.37 T89 21.23 0.08 s 
2017-11-21 00:17:45 00:17:52 FU3 4.96 0.16 T89 21.37 0.03 s 
2017-11-21 00:03:39 00:03:48 FU4 5.05 0.24 T89 21.51 0.04 s 
2017-11-21 00:04:01 00:04:10 FU4 4.58 0.25 T89 21.42 0.05 s 
2017-11-21 00:04:16 00:04:33 FU4 4.19 0.29 T89 21.34 0.06 s 
2018-04-23 21:18:59 21:19:11 FU3 5.82 0.14 T89 18.67 0.11 s 
2018-04-23 21:19:19 21:19:35 FU3 6.07 0.18 T89 18.46 0.15 r 
2018-04-23 21:19:52 21:20:06 FU3 6.43 0.16 T89 18.15 0.14 s 
2018-04-23 21:20:19 21:21:20 FU3 7.00 0.64 T89 17.59 0.70 s 
2017-07-16 22:27:20 22:27:35 FU4 5.35 0.42 T89 19.77 0.06 s 
2019-03-17 05:48:53 05:49:03 FU3 6.95 0.40 T89 16.32 0.04 s 
2019-03-17 05:49:09 05:49:15 FU3 6.43 0.22 T89 16.27 0.02 s 
2019-02-15 04:12:23 04:12:33 FU4 9.24 0.42 T89 16.60 0.07 s 
2019-05-13 19:52:15 19:52:26 FU3 7.09 0.36 T89 17.50 0.05 s 
2019-09-29 12:13:35 12:13:46 FU3 5.31 0.29 T05 18.38 0.02 s 
2017-11-21 00:18:55 00:19:23.5 m01 4.38 0.52 T89 21.11 0.03 r 
2018-04-23 21:18:58 21:19:25 n15 5.13 0.63 T89 18.30 0.04 r 
2015-09-10 20:04:56 20:05:22 n15 4.12 0.25 IGRF 17.87 0.03 r 
2015-09-10 20:20:24 20:20:42 n18 3.88 0.15 IGRF 17.82 0.02 r 
2015-02-28 20:34:14 20:34:27 m01 3.82 0.10 IGRF 20.75 0.02 r 
2015-02-28 20:14:14 20:14:26 m02 4.32 0.18 IGRF 20.90 0.00 s 
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2015-02-28 20:54:15 20:54:41 n15 4.90 0.45 IGRF 16.91 0.04 s 
2015-02-28 20:51:19 20:51:47 n19 4.95 0.35 IGRF 16.53 0.12 s 
2013-09-24 12:41:10 12:41:53 m01 3.98 0.55 IGRF 20.47 0.13 r 
2013-09-24 11:47:24 11:48:04 m02 4.49 0.60 IGRF 20.20 0.14 r 
2013-09-24 13:20:25 13:20:37 n15 4.59 0.16 IGRF 16.26 0.01 r 
2013-09-24 11:32:14 11:32:40 n16 4.54 0.38 IGRF 19.85 0.09 r 
2017-07-09 02:26:04 02:26:28 FU4 5.48 0.64 T89 17.91 0.01 s 
2017-07-09 02:37:26 02:37:56 FU3 5.32 0.77 T89 17.94 0.01 s 
Table 1: Selected events with EMIC-driven precipitation signatures out of all the 
RBSP/FIREBIRD and POES/FIREBIRD conjunctions. The “initial UT” and “final UT” indicate 
the time intervals when precipitation was observed. The column “probe” indicates the satellite 
that observed the precipitation. The “<variable>” signs indicate that the variable has been 
averaged over the interval between “initial UT” and “final UT”. ∆L and ∆MLT indicate the 
extent of precipitation. The “model” column represents the corresponding Tsyganenko model 
used for the precipitation extent. The “prec” column indicates whether the observed precipitation 
occurred at relativistic energies only (r), or also at subrelativistic (s) energies. The rows with 
gray text are the events analyzed in the previous Chapters. A thicker black horizontal line 
indicates a different event day. These data are used to produce Fig. 62 and Fig. 63. 
5.2 Selected Precipitation Events Potentially Driven by EMIC Waves 
The following sections introduce the overview of each identified precipitation event 
and briefly describe the observations. To justify if the precipitation observed at FIREBIRD 
was related to EMIC waves, I attempted to map the extent of EMIC waves or that of the 
POES proton precipitation onto the trajectory of FIREBIRD (gray and blue blocks in the 
following figures in a similar format as Fig. 39). However, although this mapping aids to 
identify the region where precipitation might be expected, it is not always consistent with 
the observed precipitation at FIREBIRD’s conjugate location. For some events, in fact, the 
mapping is overall acceptable but it does not isolate the precipitation region as clearly as it 
occurred in the event in Chapter 4. Magnetic field models intrinsically have some 
uncertainties; thus, we allow some differences in L and MLT when selecting the 
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precipitation UT interval. For clarity, I marked the intervals of precipitation observed by 
FIREBIRD with a shaded block in red and list them in Table 1. 
5.2.1 RBSP-B/FIREBIRD conjunction event on 04 February 2019 
The overview of RBSP-B observations during conjunction with both FIREBIRD 
units is shown in Fig. 50. RBSP-B observed EMIC wave activity in a high-density region 
during a substorm (inferred from the AL index in Fig. 50a). EMIC waves were mainly in 
the He-band and expanded very little to the hydrogen and oxygen band. No other 
magnetospheric waves were detected except for weak hiss, which would not cause efficient 
precipitation of electrons, as shown in previous Chapters. 
During conjunction (dashed lines in Fig. 50: black for FU4 and magenta for FU3), 
both FIREBIRD units observed precipitation from the lowest energy channel (~250-265 
keV) to the highest (~1 MeV), highlighted in the vertical red shaded area in Fig. 51. Note 
that the reason why the flux trend increases smoothly as FIREBIRD moves to lower L 
shells is likely because FIREBIRD’s pointing direction started to detect the trapped 
population.  
Similar to the case described in Chapter 4, I calculated the L shell extent of EMIC 
waves from RBSP-B (6.3–6.7 L shell for both T89 and T05) and mapped it onto the 
FIREBIRD trajectory in gray for T89 and blue for T05, as shown in Fig. 51. The mapping 
is more consistent with the FU4 observations for this case.  
  
110 
 
Fig. 50: RBSP-B observations during conjunction with FIREBIRD. The format is similar to other 
RBSP observation figures (for example, Fig. 31). 
 
Fig. 51: FIREBIRD observations during conjunction with RBSP-B in a similar format to Fig. 39. 
Dashed (solid) lines in L and MLT panels are relative to RBSP-B (FIREBIRD). 
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5.2.2 RBSP-A/FIREBIRD conjunction event on 05 January 2019 
The overview of RBSP-A observations on 05 January 2019 during conjunction with 
FIREBIRD is presented in Fig. 52. RBSP-A observed EMIC waves in the oxygen and 
helium bands over 00:40–01:20 UT (Fig. 52f). Very weak hiss and magnetosonic waves 
were observed towards the end of EMIC waves activity (Fig. 52b–e). 
 
Fig. 52: Overview of RBSP-A observations during conjunction with FIREBIRD with a similar 
format to Fig. 50. 
Both FIREBIRD units observed precipitation patterns from subrelativistic to 
relativistic energies. I selected 3 clear precipitation intervals for each unit. The energy 
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dispersion that occurred beyond 00:57: 55 UT for FU4 and 01:15:20 UT for FU3 marks 
the outer radiation belt boundary also evident in the MetOp-01/FIREBIRD conjunction on 
21 November 2017 (described in the following section). The mapping of the L shell extent 
of the EMIC waves (4.8–6.0 L shell for both T89 and T05) is more consistent for T89 (gray 
vertical blocks) with FU4 and overall acceptable for FU3 as well, although for FU3 it only 
overlaps with one precipitation interval I selected. 
 
Fig. 53: FIREBIRD observations during conjunction with RBSP-A in a similar format to Fig. 39. 
Dashed (solid) lines in L and MLT panels correspond to RBSP-A (FIREBIRD). 
5.2.3 MetOp-01/FIREBIRD conjunction event on 21 November 2017 
Around 00:19 UT on 21 November 2017, MetOp-01 (m01) was in tight conjunction 
with FU3 (Fig. 54). From POES observations, this event shows a very clear EMIC-driven 
precipitation signature. In fact, POES observations indicate proton precipitation occurring 
across all proton channels simultaneously with relativistic and ultra-relativistic electron 
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precipitation observed by the E4 channel and the P6OMNI channel, respectively. The count 
rate was very low for the higher energy OMNI channels (panel f), confirming that the 
precipitation observed in the P6OMNI channel was indeed indicative of ultra-relativistic (>3 
MeV) electrons. In this case, OMNI observations show a very strong and rare precipitation 
of electrons with count rates peaking at ~300 #/s. More details on the OMNI detectors are 
in the Appendix A.2.  
In addition, the P1, E4 and P6OMNI precipitation showed a clear and simultaneous 
two-peak structure. P2 and P3 instead only showed the first proton precipitation peak and 
a smoother increase afterwards. After the second proton precipitation peak in P1, the P3 0° 
telescope signal was already equivalent to that of the 90° telescope, indicating strong 
precipitation. Such energy dispersion in time is an indicator of current sheet scattering 
(CSS). For this event, CSS was probably occurring for both P2 and P3 channels right after 
the first proton precipitation peak, while the P1 channel still showed an isolated second 
peak of precipitation. Since this feature coincided with the second peak of precipitation in 
E4 and P6OMNI, it is likely related to EMIC waves which scattered electrons into the loss 
cone and accounted for two distinct peaks. 
FIREBIRD (Fig. 54c) observed precipitation at relativistic energies in agreement 
with POES, but also at energies as low as 265 keV. The two-peak structure observed by 
POES was also evident at FIREBIRD and is highlighted by the red shaded block. The 
POES precipitation region (green shaded block) is mapped onto the trajectory of FU3 (gray 
block for T89 and blue block for T05), highlighting the two-peak structure. As a result, the 
precipitating population observed by FU3 was very likely the same precipitating population 
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observed by m01, simply at a slightly earlier UT when FU3 was crossing the same L–MLT 
region as m01. On the contrary, the first peak on the left side of Fig. 54 is unlikely related 
to EMIC waves and represents the outer radiation belt boundary, with the typical energy 
dispersion due to CSS.  
Such a tight magnetic conjunction between POES and FIREBIRD could be useful to 
compare the electron count rates or fluxes between the two satellites. Overall, POES seem 
to have systematically higher fluxes than FIREBIRD, likely due to proton contamination 
and the fact that the two satellites orbit at different altitudes. In addition, the low energy 
resolution and the instrument geometry result in an intrinsically high noise level for POES 
(Nesse Tyssøy et al., 2016), which explains why for some of the cases shown in this 
Chapter FIREBIRD observed precipitating relativistic electrons while the POES flux is at 
noise level. 
Since FIREBIRD is not affected by proton contamination, one could potentially 
introduce a method to remove the proton contamination that affects POES by comparing 
the electron observations between the two spacecraft. However, this would be a 
complicated procedure since FIREBIRD provides differential energy channels, while 
POES satellites only have integral electron energy channels. Therefore, one should rely on 
some assumptions of geometric factors to convert the integral channels to differential 
channels and then follow up with the comparison between count rates or fluxes. 
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Fig. 54: Conjunction between FU3 and MetOp-01 (m01). Dashed (solid) lines in the L and MLT 
panels show the POES (FIREBIRD) trajectory. MLTs from T05 and T89 overlap. Panel c) shows 
the FIREBIRD flux obtained from the GEANT4 simulation. Panels d), e) and f) show proton flux, 
relativistic flux and OMNI count rates, respectively. The dotted (solid) lines are for trapped 
(precipitating) population. The green shaded block highlights the proton and electron 
precipitation at POES, which is mapped onto the FIREBIRD trajectory in panel c) with gray 
(T89) and blue (T05) blocks. The red block on FIREBIRD flux highlights the FIREBIRD 
precipitation region. 
The other FIREBIRD Unit crossed a similar L–MLT region about ~15 minutes earlier 
and still detected clear signatures of the outer radiation belt boundary and three other 
distinct precipitation patterns (Fig. 55). For FU4, the two-peak structure visible on POES 
appeared more separated in time and L shell. However, FU3 and FU4 observed a fairly 
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similar precipitation pattern within 15 minutes. If we assume EMIC waves are driving such 
precipitation (as it is reasonable to assume for the conjunction event), the EMIC waves 
were active and efficiently scattering electrons for at least ~15 minutes. 
 
Fig. 55: FU4 observations ~15 minutes earlier than the main conjunction in Fig. 54. 
5.2.4 NOAA-15/FIREBIRD conjunction event on 23 April 2018 
The precipitation occurring during the conjunction event on 23 April 2018 between 
NOAA-15 and FU3 is similar to the POES observations in the 21 November 2017 event, 
as shown in Fig. 56. Simultaneous protons, relativistic and ultra-relativistic electrons 
precipitate in a localized L shell region. In this case, the E3 electron channel is also shown 
(corrected through the Peck et al. (2015) routine) because it was not significantly 
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contaminated by protons. However, the flux in the >300 keV integral channel E3 is only 
slightly higher than E4 (Fig. 56e), indicating that not many < 700 keV electrons were 
precipitating and that the precipitating electrons were mainly relativistic.  
In Fig. 56c, FU3 was in a transition region from the trapped population (broad and 
smooth profile until 21:19 UT) to precipitating one (beyond 21:19 UT). Since mapping the 
POES precipitation region onto FU3 trajectory coincides with the trapped population 
observed by FU3, it is not possible to draw conclusions on precipitating electrons therein. 
However, once FU3 pointed towards the precipitating population, it is possible to identify 
four potential precipitation regions, highlighted in red blocks. Except for the second one, 
FIREBIRD observed precipitation from the subrelativistic regime up to ~1 MeV. These 
precipitation intervals map back to the proton precipitation occurring after 21:19:30 UT 
(beyond the green shaded region), which although not evident in E4 and P6OMNI, some 
intermittent proton precipitation probably related to EMIC wave activity was still evident 
in Fig. 56d. As a result, this could explain why FU3 was observing a series of precipitation 
intervals. 
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Fig. 56: Conjunction between FU3 and NOAA-15 (m01) in a similar format to Fig. 54. 
5.2.5 NOAA-18/FIREBIRD conjunction event on 16 July 2017 
The overview of the conjunction event on 16 July 2017 between NOAA-18 and FU4 
is shown in Fig. 57. NOAA-18 observed only proton precipitation while the trapped and 
precipitating flux in E4 remained approximately at noise level (Fig. 57d). I have identified 
two proton precipitation intervals, although at the end of the first one some CSS was 
occurring. Mapping these intervals onto the trajectory of FU4 highlights two regions where 
precipitation was occurring (Fig. 57c). However, I selected only the precipitation interval 
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around 22:27:30 UT because the other one close to 22:28:15 UT did not reveal a ~1 MeV 
flux significantly above the noise level. In this case, FIREBIRD was observing 
precipitating electrons down to ~250 keV. It is interesting to point out that, although 
NOAA-18 did not detect any relativistic electrons, FU4 did. As mentioned before, the 
reason is because POES has overall a high noise floor level that does not allow reliable 
detection of low count rates. 
 
Fig. 57: Conjunction between FU4 and NOAA-18 (n18) in a similar format to Fig. 54. 
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5.2.6 NOAA-15/FIREBIRD conjunction event on 17 March 2019 
The overview of the conjunction between NOAA-15 and FIREBIRD on 17 March 
2019 is shown in Fig. 58. In this event, NOAA-15 observed an isolated proton precipitation 
in the P1 and P2 channels (Fig. 58d), followed by continuous precipitation probably caused 
by CSS. Simultaneously with this precipitation, the trapped flux of relativistic electrons 
was approximately at background level, with no E4 precipitation (Fig. 58e).  
Mapping the POES proton precipitation onto FU3 trajectory highlights a region 
within which it is possible to identify a small precipitation interval (red shaded block). 
Slightly earlier in UT, a clearer and stronger precipitation from subrelativistic to relativistic 
energies was also observed (Fig. 58c). This precipitation mapped to the L–MLT region 
where POES observed extended proton precipitation (starting at ~05:50:35 UT) without 
clear isolated proton precipitation (Fig. 58d). However, the proximity between the 
precipitation region observed by FU3 at 05:49 UT and the isolated proton one (marked in 
green) observed by POES could suggest that both precipitation intervals at FU3 were 
related to EMIC wave activity. 
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Fig. 58: Conjunction between FU3 and NOAA-15 (n15) in a similar format to Fig. 54. 
5.2.7 NOAA-18/FIREBIRD conjunction event on 15 February 2019 
Fig. 59 shows the overview of the conjunction between NOAA-18 and FU4 on 15 
February 2019. In this event, the proton precipitation is mostly clear in the P1 channel and 
shows approximately two proton precipitation intervals (green shaded regions). Once 
again, no relativistic (trapped or precipitating) population was observed by POES. The 
proton precipitation region mapped onto the trajectory of FU4 is associated with a clear 
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precipitation peak centered at 04:12:25 UT (Fig. 59c). This precipitation occurred from 
~250 keV up to ~1 MeV, with a flux slightly lower than other cases analyzed. 
 
Fig. 59: Conjunction between FU4 and NOAA-18 (n18) in a similar format to Fig. 54. 
5.2.8 NOAA-19/FIREBIRD conjunction event on 13 May 2019 
The overview of the conjunction between NOAA-19 and FU3 occurring on 13 May 
2019 is shown in Fig. 60. NOAA-19 observed clear isolated proton precipitation around 
19:51:30 UT (Fig. 60d). At this UT, both trapped and precipitating fluxes of relativistic 
electrons (> 700 keV) were at background level (Fig. 60e). This precipitation region 
highlights a portion of the flux observed at FIREBIRD likely associated with trapped 
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population. However, the red shaded region (Fig. 60c) identifies a precipitation interval 
within this trend. This precipitation interval also occurred in the entire energy range (from 
~265 keV up to ~1 MeV).  
 
Fig. 60: Conjunction between FU3 and NOAA-19 (n19) in a similar format to Fig. 54. 
5.2.9 NOAA-15/FIREBIRD conjunction event on 29 September 2019 
Fig. 61 presents the overview of the conjunction event between NOAA-15 and FU3. 
Another typical EMIC-driven proton precipitation event was observed by NOAA-15 (Fig. 
61). NOAA-15 recorded a clear and isolated proton precipitation in the P1 and P2 channels 
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(Fig. 61d), while E4 precipitation was very weak (Fig. 61e). Mapping the precipitation 
extent observed by POES onto the trajectory of FU3 highlights a region where clear 
electron precipitation was occurring, primarily at higher energy > ~300 keV (Fig. 61c).  
 
Fig. 61: Conjunction between FU3 and NOAA-15 (n15) in a similar format to Fig. 54. Note that 
the L shell from T89 was not defined for either of the two satellites. 
5.3 Spatial Location, Extent and Minimum Energy of EMIC-Driven Electron 
Precipitation 
In order to achieve a comprehensive understanding of the location of the electron 
precipitation observed in all the cases discussed so far, including those shown in Chapter 
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2, 3 and 4, I present the following two figures. Fig. 62 shows the trajectory (L and MLT) 
of each satellite (either FIREBIRD or POES) during the UT intervals of electron 
precipitation listed in Table 1. The different colors identify electron precipitation observed 
by FIREBIRD (blue) or POES (red). The models used for the plotting are listed in Table 1 
as well. Fig. 63 shows the location of such precipitation in the L–MLT plane: each point is 
located at the average value of L and MLT calculated within the precipitation intervals. 
The vertical black lines show the electron precipitation extent for the single event (∆L 
reported in Table 1). 
 
Fig. 62: Trajectories of FIREBIRD (blue) and POES (red) during the electron precipitation UT 
intervals listed in Table 1. 
Despite the conjunctions covered almost all MLT sectors (Fig. 48 and Fig. 49) and 
no MLT or L shells were ruled out to select clear EMIC-driven precipitation events, all the 
cases chosen in this Chapter occurred between 16 and 23 MLT, covering most of the dusk 
sector. Since EMIC waves are excited due to ion injections near dusk (e.g., Fraser et al., 
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2010; Jordanova et al., 2008), it is reasonable that most precipitation events occurred in 
this area. Most events were observed at L shells lower than 7.5, but it is noteworthy that at 
higher L shells and later MLTs it is difficult to distinguish the real precipitation from that 
caused by current sheet scattering. As a result, such L shell threshold is more indicative of 
our ability to discard CSS events rather than the EMIC waves efficiency in scattering 
electrons at high L shells. 
 
Fig. 63: Electron precipitation location of the events in Table 1 in the L–MLT plane. Each point 
is centered at the average L and MLT within the UT of precipitation. The vertical black lines 
show the precipitation extent. Blue (red) symbols show the precipitation events observed by 
FIREBIRD (POES). Precipitation occurring at sub and relativistic energies is shown with 
triangles, while the relativistic one is marked with diamonds. 
With the exception of one, all precipitation intervals observed by FIREBIRD showed 
precipitation extending systematically to subrelativistic regimes (as low as to ~250–265 
keV), while for cases observed by POES the proton contamination limited reliable 
observations to only relativistic electrons (> 700 keV). Although in the analysis described 
in Chapter 3.3 three events observed by POES exhibited electron precipitation in the >300 
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keV channel, for the rest of the events, proton contamination was too severe to provide 
reliable observations of precipitation in the E1-E2-E3 channels. Therefore, while POES is 
very useful to detect the proton precipitation, it is often not reliable to analyze the 
subrelativistic precipitation due to proton contamination, and sometimes the high floor 
level does not allow to infer if relativistic precipitation is occurring or not (as shown in 
most selected cases described in this Chapter). Taking these limitations into account and 
considering that FIREBIRD systematically observed precipitation in the ~200–300 keV 
energies, EMIC waves highly likely scatter subrelativistic electrons in addition to 
relativistic ones. 
As for the electron precipitation extent, averaging all the vertical black lines (which 
correspond to the precipitation width of each case ∆L), one obtains that the precipitation is 
on average ~0.3 L shells wide, in agreement with the result in Chapter 3. Hence, the 
analysis conducted in a larger dataset confirms that the electron precipitation driven by 
EMIC waves occurs in a very localized L shell region, mainly on the dusk side and with 
Emin at least as low as ~250–265 keV.  
5.4 Evolution of the Precipitation in the Event on 21 November 2017 
For precipitation cases analyzed with multiple satellites (e.g., 05 January 2019, 04 
February 2019 and all the cases described in detail in previous Chapters), it appears that 
the precipitation region is not fixed in L–MLT or in time. Although this might be related 
to possible magnetic field mapping uncertainties, it is probably due to EMIC waves 
scattering electrons in several locations within the region where they are excited. In 
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addition, EMIC waves are unlikely steady in time since they are excited by ion injections, 
which are often dynamic. The time evolution of these waves could change the location 
where resonance conditions between EMIC waves and electrons are met. This would 
determine a variable precipitation region at low orbit, both in time and space. 
 
Fig. 64: Distribution of the passes occurring during nearby the m01/FU3 conjunction on 21 
November 2017. Left plot: polar plot of the trajectories of satellites during electron precipitation. 
Right plot: magnetic latitude and longitude of each satellite, color-coded. The stars indicate the 
main conjunction event in Fig. 54. 
I performed an in-depth analysis of the interesting conjunction event on 21 November 
2017 by searching for additional POES satellites that crossed a similar region as the main 
conjunction event in Fig. 54. Three POES satellites were nearby the main conjunction event 
and in five passes POES observed electron precipitation. The trajectories of the various 
satellites in this event are illustrated in Fig. 64. The polar plot (left) shows the trajectory of 
all the satellites that observe electron precipitation during the precipitation intervals. Note 
that, although NOAA-19 (n19) was not in the same MLT region, it was still located at a 
similar L shell (4–5) and observed a typical EMIC-driven precipitation signature, thus is 
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included in this analysis. Fig. 64 (right) shows the location of these satellites in magnetic 
latitude and longitude. For three passes, precipitation was detected in the Southern 
hemisphere, located right outside the South Atlantic Anomaly. 
 
Fig. 65: Overview of electron precipitation observed by several satellites on 21 November 2017. 
Top panel: AL index with vertical lines indicating the UT time of precipitation. Each lower-case 
letter on top of each vertical line corresponds to a panel below. Panels a) – h): flux as a function 
of L shell (T89) for POES and FIREBIRD, with UT time interval and MLT interval indicated. For 
POES plots (panels a, b, e–h), the axis on the right (left) side corresponds to P6OMNI count rates 
(E4 flux). For FIREBIRD plots (c, d) electron fluxes are shown at various energies color-coded. 
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The observations of all the LEO satellite passes are shown in Fig. 65. The top plot 
shows the AL index from 20 UT on 20 November 2017 to 05 UT on 21 November 2017, 
where the vertical lines indicate the UT time of precipitation observed by the several POES 
satellites and both FIREBIRD units. Each of these vertical bars has a lowercase letter that 
is associated with a panel below (a–h), in which I show the flux as a function of L shell 
(T89) for each satellite observation. For POES satellites (panels a, b, e–h), the flux in the 
E4 channel (dotted and black lines respectively for trapped particles and precipitating 
population) is shown on the right axis and the P6OMNI count rates in red is on the left axis.  
The precipitating E4 flux and the P6OMNI count rates show a very similar trend, and 
identify clear signatures of EMIC-driven precipitation for all POES passes. Similar to the 
precipitation in the main conjunction event (panels d and e), OMNI precipitation (red lines) 
was very strong (10s – 100s #/s). From the electron flux evolution in UT in Fig. 65, it is 
clear that precipitation persisted for almost 2 hours in an approximately similar MLT 
region, but the L shell location of the precipitation varied between 4 and 5.5, staying fairly 
localized in each pass. Although in situ observations of EMIC waves were not available 
(all satellites in the magnetosphere were far from the conjunction region), several ground-
based stations also observed EMIC activity during this day (not shown).  
Such interesting case shows that EMIC waves can indeed precipitate electrons for a 
rather long UT interval (~2 h) in localized L shells but likely drive precipitation in different 
L shells as time progresses.  
Although RBSP cannot provide data in proximity of the conjugate location and UT, 
it is possible to calculate the PSD evolution as done for previous cases to evaluate if there 
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are additional signatures of EMIC-driven precipitation in the magnetosphere. The PSD as 
a function of first and second adiabatic invariants is shown in Fig. 66. The gray shaded 
regions highlight where the radiation belts were affected by losses. The main event is 
approximated in the green color corresponding to ~00 UT. Similar to previous cases, as µ 
and K increase, the decrease in PSD (blue to red) became more evident, with dips occurring 
more clearly beyond L* ~ 4.3. Some loss is also evident at low µ, but was not as intense as 
those at µ > 800 MeV/G. 
The PSD evolution shows that the outer radiation belt was affected by losses, but the 
deepening minima typically associated with EMIC waves were not as clear as cases 
analyzed so far. This could be due to the fact that the precipitation location varied over ~2 
h from L shell of 4 to 5.5, and thus these deepening minima could have merged together 
and did not stay as isolated. The dips were slightly more evident for K = 0.30 G0.5RE and 
µ = 800 and 1000 MeV/G, consistent with EMIC-driven electron loss. As mentioned 
before, OMNI precipitation was very strong during this event; therefore, it is reasonable 
that the PSD at higher µ showed more significant losses.  
5.5 Summary and Conclusions 
In this Chapter, I identified multiple precipitation events observed by FIREBIRD by 
analyzing all conjunctions between FIREBIRD and RBSP and POES. I further narrowed 
down to the events that showed reasonably clear EMIC-driven precipitation signatures at 
FIREBIRD. Specifically, for RBSP, I focused on conjunctions during which EMIC wave 
activity was observed by at least one of the two Van Allen Probes, without other intense 
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plasma waves. For POES conjunctions, I identified cases in which POES alone observed 
clear EMIC-driven precipitation, mainly focusing on the proton precipitation. The event 
list with precipitation UT intervals, average L shell and MLT values and extent of 
precipitation is shown in Table 1. The list also includes cases analyzed in previous 
Chapters. During two POES/FIREBIRD conjunctions, POES not only observed proton 
precipitation, but also relativistic and ultra-relativistic one, and thus these observations are 
included in the event list in Table 1 and in the summary plots in Fig. 62 and Fig. 63. 
 
Fig. 66: Phase space density evolution as a function of L* in a similar format to Fig. 44. The 
region highlighted in gray shows regions affected by losses. 
All but one precipitation interval observed by FIREBIRD occurred in the energy 
range ~250 keV up to ~1 MeV, showing that precipitation observed with either EMIC wave 
  
133 
observations or typical EMIC-driven precipitation signatures (observed by POES) 
systematically occurred at subrelativistic regimes. POES cases, instead, due to proton 
contamination issues, only provided reliable observation of relativistic electron 
precipitation, with the exception of three cases (down to >300 keV). 
Despite RBSP/FIREBIRD and POES/FIREBIRD conjunctions occurred overall at all 
MLT sectors, the clear EMIC-driven precipitation events selected were located between 16 
and 23 MLT. This is not surprising since EMIC waves are excited during ion injections 
and consequently occur most often near dusk. Fewer events (15, ~40%) occurred near pre-
dusk (MLT < 18) than those that occurred near post-dusk (23, ~60%). As for the L shell 
region of precipitation, events tend to occur at L < 7.5, with one outlier at L ~ 9. The pre-
dusk events occur at a broader L shell region (up to L ~ 7.5) than those in the post-dusk 
sector, which instead occurred at L < 5.5. Note that post-dusk events might be affected by 
current sheet scattering more than pre-dusk cases, and these effects are typically more 
evident at higher L shells. 
The precipitation extent of EMIC-driven precipitation obtained from the analysis of 
a wider dataset of precipitation events is fairly small (on average ~0.3 L), consistent with 
the results from three events in Chapter 3. Hence, this result further supports that EMIC 
waves drive localized precipitation in L shell, most likely where resonance conditions are 
met. Additionally, previous studies have shown that EMIC waves are excited only within 
localized L shells and can have a rather broad MLT extent (Blum et al., 2017; Blum et al., 
2020). These findings agree with the resulting precipitation observed over a small scale by 
LEO satellites, as shown in this Chapter. 
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Although each precipitation event listed in Table 1 appeared localized, for most 
selected conjunctions, precipitation at FIREBIRD was observed at multiple UT intervals 
within the same CubeSat pass. This suggests that the precipitation region overall might be 
wider and EMIC waves could drive multiple patterns of precipitation throughout the L–
MLT region in which they are excited, depending on the location where resonance 
conditions are met. As a LEO satellite passes though the conjugate location of the 
excitation region, it can observe the bursty precipitation driven by EMIC waves. The UT 
and L shell difference between the various precipitation patterns within one conjunction is 
very small and suggests that it is more likely a result of the spatial distribution of the regions 
where resonance conditions are met rather than a temporal modulation of EMIC waves. 
The precipitation modulation within a single precipitation event might be correlated to the 
finer structure of the EMIC waves in the scattering region (as suggested by Nakamura et 
al., 2019), but further analysis is needed to correlate the observed precipitation features to 
the sub-structure of EMIC waves. 
A more detailed analysis of event 21 November 2017 showed that several passes of 
POES satellites revealed persistent precipitation for almost 2 hours, albeit with some 
variations in spatial location and time. Spatially, such precipitation shifted in L shells 
covering almost 1.5 L shells. A similar result was partially obtained in Chapter 3 in which 
several POES observations at various L–MLTs were related to the observed EMIC wave 
activity. 
To summarize, EMIC waves can drive precipitation in a wide L shell and MLT 
region, mainly over 16–23 MLT and the EMIC-driven precipitation events are clearly 
  
135 
identifiable within L ~ 7.5. EMIC waves scatter electrons in localized patches of ~0.3 L 
shells (on average), but likely cause scattering in multiple locations within the excitation 
region, since resonance conditions are probably met at multiple locations. The EMIC wave 
time evolution can also have an impact on the overall precipitation location and can vary 
quite significantly depending on how dynamic the excitation region of EMIC waves is. 
Overall, FIREBIRD observed precipitation driven by EMIC waves from energies of ~250–
265 keV up to the expected ~MeV ranges, confirming that EMIC waves can indeed 
systematically scatter subrelativistic electrons into the loss cone and broadening the energy 
range of such an important loss mechanism in the Earth’s the radiation belts.  
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6 SUMMARY AND CONCLUSIONS 
This dissertation addresses important science questions regarding the precipitation of 
electrons and protons into the Earth’s upper atmosphere driven by EMIC waves, mostly 
using observational data and also comparing the observations to the currently existing 
quasi-linear theory. 
I studied coordinated observations of multi-satellites to quantify the role of EMIC 
waves in energetic electron precipitation. Using a combination of satellites in magnetic 
conjunction allowed to link EMIC wave activity to particle precipitation at low orbit. 
Through quantitative comparisons between observations and theory, I evaluated the 
relative effects of all the waves observed in the magnetosphere and identified which of 
them were dominating the pitch angle scattering. The results from all the event studies 
contribute to advance the quantitative understanding of the EMIC-driven electron 
precipitation into the upper atmosphere from the magnetosphere, including the minimum 
energy of electrons that can be precipitated by EMIC waves, the spatial extent of EMIC-
driven electron precipitation events, the region where EMIC-driven precipitation occurs 
most often and the impact of EMIC-driven precipitation in the outer radiation belt.  
Chapter 1 introduces Earth’s radiation belts and wave-particle interactions therein, 
and raised the science questions to be addressed in this dissertation. Chapter 2 focused on 
a pilot study on a tight magnetic conjunction between Van Allen Probe A and MetOp-01, 
which demonstrated that EMIC waves were the main driver of proton and relativistic 
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electron precipitation. Chapter 3 analyzed three case studies in which one POES satellite 
was in tight magnetic conjunction with a Van Allen Probe observing EMIC waves and 
other POES satellites observed typical EMIC-driven precipitation signature at different L 
and MLT locations. Chapter 4 introduced the advantage of using the FIREBIRD-II 
CubeSats to measure electron precipitation at subrelativistic electron energies and the 
analyzed case study showed that EMIC waves observed in situ were likely the driver of the 
subrelativistic electron precipitation at low orbit. Chapter 5 expanded the precipitation 
event dataset to all possible RBSP/FIREBIRD and POES/FIREBIRD conjunctions and 
analyzed the overall precipitation observed at low orbit correlated to EMIC wave activity, 
providing statistical information on the precipitation region, extent and lower energy 
threshold. The Appendix describes more in detail the spacecraft and instrumentation used 
throughout the dissertation. 
 
Fig. 67: Cartoon of the dissertation findings: 1) EMIC waves interact with electrons through 
cyclotron resonance in localized regions where resonance conditions are met. 2) EMIC waves 
drive pitch angle scattering of electrons into the upper atmosphere. 3) At low altitudes, this 
results in bursty precipitation of >200 keV electrons over a broad region (L = 3.5–7.5 and MLT 
= 16–23) in the dusk sector, and with a precipitation extent of ~0.3 L shells. The scattering of 
EMIC waves also leads to localized losses in the outer radiation belts. 
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Here, I answer all the science questions proposed in Chapter 1.5 by summarizing the 
findings of the dissertation: 
1. Are EMIC waves the driver of the observed energetic electron precipitation? 
EMIC waves are the main driver of relativistic electron precipitation at energies larger than 
a few hundred keV in the inner magnetosphere, compared to other magnetospheric waves 
(e.g., chorus waves, magnetosonic waves, plasmaspheric hiss). In all cases analyzed 
observationally and with quasi-linear theory, the results show that EMIC waves dominated 
the pitch angle scattering of ~MeV electrons. EMIC waves are potentially also the driver 
of subrelativistic electron precipitation (< ~500 keV), although the corresponding 
theoretical explanation needs further investigation. 
 
2. What is the typical spatial extent in L shell for individual energetic electron 
precipitation events? How broad in L shell and MLT is region where precipitation 
is observed? 
In all the events analyzed, EMIC waves account for a single precipitation event observed 
by a satellite pass in a rather localized L shell region (on average ~0.3 L), although the 
region in which EMIC-driven precipitation is observed can be rather wide and cover many 
MLT sectors and L shells. Overall, EMIC-driven precipitation was observed within L ~ 7.5 
and 16–23 MLT. 
 
3. What is the minimum energy Emin of precipitating electrons driven by EMIC 
waves? 
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Answering this question using only POES was not possible because, as discussed in the 
dissertation, the lower energy channels onboard are only integral channels, often affected 
by proton contamination. As a result, it is challenging to set a lower threshold of electron 
precipitation by using POES alone. Only three POES precipitation events showed reliable 
precipitation at >300 keV and yet do not provide Emin. FIREBIRD-II offered a great 
opportunity to probe the subrelativistic regime at a higher energy resolution and without 
proton contamination effects. Results from FIREBIRD observations show that EMIC 
waves systematically scatter electrons in the subrelativistic energies at least as low as 
~250–265 keV. However, the exact value of Emin remains as an open question because 
FIREBIRD does not provide electron measurements at energies lower than ~250 keV. 
 
4. Does quasi-linear theory explain the observed precipitation events? 
We compared the observational results to quasi-linear theory in the cold plasma 
approximations, as well as considering hot plasma effects for one case (Chapter 4). Quasi-
linear theory justifies the precipitation of ~MeV electrons well and also agrees with a 
higher precipitation ratio at higher energy compared to that at lower energy. However, the 
subrelativistic electron precipitation observed by the three POES cases and FIREBIRD 
events cannot be explained by quasi-linear theory, suggesting that precipitation at these 
regimes requires different wave-particle interaction theories (e.g., nonresonant 
interactions, nonlinear effects, etc.). 
 
5. Under which conditions is EMIC-driven electron precipitation efficient? 
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From the cases in which in situ EMIC wave data was available, electrons are scattered due 
to strong waves occurring mainly in the Helium and Hydrogen band. EMIC-driven 
precipitation tends to occur during substorm activity, which coincides with excited EMIC 
waves, accounting for more efficient electron precipitation. For the four cases analyzed in 
Chapter 3 and 4, the efficient electron precipitation occurred in the high-density regions 
with the ratio of plasma to electron cyclotron frequencies of at least ~9. Due to the limited 
number of conjunction events in association with available EMIC wave data, it is difficult 
to obtain statistically significant results on the EMIC wave properties other than the fact 
that the analyzed events showed fairly strong EMIC waves (Bw > 0.4 nT for H-band and 
Bw > 0.6 nT for He-band waves). 
 
6. What are the effects of EMIC-driven precipitation on the outer radiation belt? 
Phase space density analyses using Van Allen Probes electron data revealed that when 
EMIC waves are active to drive precipitation, the radial profile of the outer radiation belt 
electron PSD exhibits localized dips, indicating the scattering loss into the upper 
atmosphere. These losses are more evident for high energies and low pitch angles, in 
agreement with efficient ~MeV electron precipitation at low-to-intermediate pitch angles 
due to EMIC waves. 
 
In order to show how these findings fit into the current understanding of the 
magnetosphere’s dynamics, I will briefly discuss their impact onto the broader research 
knowledge. Since EMIC waves play a key role in leading to outer radiation belt losses 
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through efficient pitch angle scattering of electrons into the upper atmosphere, and since 
these waves are excited to high amplitudes during geomagnetically active periods (e.g., 
substorms), we should expect significant losses in the outer radiation belt and a stronger 
precipitation of energetic electrons (and protons) at low altitude whenever injections of hot 
ions occur from the magnetotail. This strengthens why the community pays more attention 
to disturbed magnetospheric conditions compared to quiet times. Additionally, the electron 
precipitation into the upper atmosphere is, as a matter of fact, a net source of energy input 
that not only affects the space weather (e.g., higher ionization levels), but also the 
atmospheric dynamics (e.g., chemical changes that lead to ozone reduction). Our findings 
show that such energy is deposited within small regions (at small L shell scales), but 
generally occurs in a bursty manner within a rather broad latitude interval (over ~60–70° 
in magnetic latitude), focused at dusk. Furthermore, since this dissertation showed that the 
electrons precipitate with a broad range of energy (from ~200 keV up to > MeV), the 
altitude at which the electron energy is deposited into the atmosphere has a broad range as 
well. Higher energy electrons (~MeV) will precipitate deeper (e.g., a few 10s km in 
altitude), while lower energy electrons will interact with the atmosphere at higher altitudes 
(several 10s km). Most importantly, the outer radiation belt has more 100s keV electrons 
than the ~MeV population during normal conditions, thus, if EMIC waves are excited, they 
will scatter a higher number of electrons than what is generally expected into the upper 
atmosphere. As a result, to quantify the energy input into the atmosphere, the community 
also needs to account for precipitation of 100s keV electrons due to EMIC waves, contrary 
to the traditional understanding of ~MeV precipitation alone. This dissertation also 
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revealed that quasi-linear theory is limited in justifying such strong subrelativistic electron 
precipitation, highlighting the need of introducing new wave-particle mechanisms that can 
explain why EMIC waves can scatter 100s keV electrons. Ultimately, EMIC-driven 
precipitation represents a critical loss mechanism of the outer radiation belt. Although these 
losses occur over localized L shells and mainly affect the lower pitch angle and higher 
energy electrons, EMIC waves can still significantly deplete the energetic electron 
population in the outer radiation belt over a short period of time. 
On a much broader perspective, understanding the effects resulting from the EMIC 
wave-electron interaction both on the magnetosphere and the atmosphere improves the 
knowledge and intuition of the Space Physics community on other planetary  environments 
and potentially even exoplanets that can support a magnetosphere. 
6.1 New Questions and Future Studies 
Although the work presented in this dissertation improved our understanding of 
EMIC-driven precipitation by addressing most of the questions above, the limited satellite 
coverage and resolution in particle energy and pitch angle still poses a challenge in 
achieving a complete understanding of electron precipitation driven by EMIC waves.  
The new science questions this dissertation poses are: 
1. Why is the precipitation observed at low altitude so localized? 
2. What causes the substructure observed within the precipitation events? 
3. Can the minimum energy of precipitating electrons extend to energies lower than 
~200 keV? 
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4. What other wave-particle mechanisms could explain the observed subrelativistic 
precipitation? 
5. Is it possible to quantify and predict the radiation belt loss and resulting energy 
input into the atmosphere due to EMIC waves? 
Our findings show that the precipitation is systematically occurring over a small L 
shell, however it is still unclear whether this is due to the extent of EMIC waves in the 
magnetosphere or limited to the scale sizes of the regions where resonance conditions are 
met (within the full EMIC waves scale size). For example, the event described in Chapter 
2 and 3.4 showed that EMIC waves observed by RBSP-A were fairly extended in L shell, 
but precipitation was observed sporadically only within ~0.2–0.3 L shells. On the other 
hand, the event in Chapter 4, showed stronger precipitation only within the small L shell 
extent of EMIC waves. 
All of the cases shown, especially those observed by FIREBIRD, exhibit some 
substructure of precipitation that is quite dynamics. This is probably due to the EMIC wave 
spectrum that is not uniform over space and time, and requires a higher resolution data to 
be correlated to that at low altitude. 
While FIREBIRD allows to probe subrelativistic electron precipitation and indeed 
observed it, it was not possible to evaluate whether the electron precipitation also extended 
into the ~10s–200 keV range. In addition, FIREBIRD is not equipped with a proton 
detector or a stable pointing, requiring a more careful case-by-case analysis to search for 
proton precipitation nearby and to distinguish trapped flux from precipitating one. 
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As briefly discussed, theories that attempt to explain the subrelativistic precipitation 
exist in literature, but are not definitive yet. It appears that when EMIC waves have high 
amplitudes or show chorus-like features (e.g., rising tones), they interact with lower-energy 
electrons through nonresonance interactions or nonlinear effects (Chen et al., 2016; Denton 
et al., 2019). Additionally, low amplitude H-band waves play a more important role in 
aiding the pitch angle scattering of ~100s keV electrons compared what usually expected 
(Denton et al., 2019). Electrons at higher pitch angles (~50°–80°) can also interact with 
EMIC waves through bounce resonance and, together with other scattering mechanisms, 
are important in the overall subrelativistic precipitation (Blum et al., 2019; Cao et al., 2017; 
Wang et al., 2018). 
Ultimately, analyzing the PSD evolution of the outer radiation belt as well as 
characterizing the energy and scale size of electron precipitation aids in quantifying the 
overall loss of the outer radiation belt, as well as estimating the energy input of electrons 
in the upper atmosphere. By correlating these quantities to EMIC wave properties and 
potentially to solar wind conditions or AL indices, it could be possible to predict both the 
loss in the magnetosphere and the precipitation at low altitude. To provide more accurate 
estimates, a larger dataset of precipitation events and EMIC wave data is needed. 
From the observational perspective, the questions discussed above can be answered 
by resolving the limitations of the study in this dissertation with newly launched and 
proposed CubeSats. For example, ELFIN, a CubesSat recently launched by UCLA, is 
equipped with lower energy electron channels, pitch angle measurements and also 
magnetic field observations from which EMIC waves can be detected locally. CeREs, 
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REAL, FORESAIL-1, GTOSAT and CIRBE also offer similar instrumentation and can 
help study EMIC-driven precipitation. As a future investigation, I propose to search for 
precipitation events occurring during magnetic conjunctions between different satellites 
that provide complementary data with the goal to further extend the current dataset and 
further improve our understanding of EMIC-driven precipitation. I expect to understand 
how low the Emin can extend and also identify the pitch angle distribution of the 
precipitating particles. With more in situ EMIC wave observations (for example, provided 
by ELFIN, THEMIS, MMS, etc.), I could also investigate on why the precipitation seems 
to be bursty and occurring in a wide L–MLT area, and if the precipitation region extent can 
be related to EMIC wave properties. In addition, there is lack of evidence showing specific 
precipitation patterns correlated to the EMIC wave structure (e.g., rising tones, amplitude 
and/or frequency modulations). High-resolution data of particle precipitation and EMIC 
waves could shed some light on this aspect. Given the end of the Van Allen Probes mission, 
it would also be useful to compare EMIC-driven precipitation signatures observed by 
FIREBIRD with those driven by plasmaspheric hiss, plume hiss, chorus waves, etc. This 
would not require to have EMIC wave data (or magnetic conjunctions) in order to justify 
the observed precipitation. On the theoretical viewpoint, precipitation events characterized 
by a very localized extent could motivate the community to understand why EMIC waves 
appear to be efficient in precipitating subrelativistic electrons as well as ~MeV ones, and 
also why they drive precipitation only in such a confined L shell and yet concurrently 
trigger precipitation in multiple locations within a short timescale. 
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 In conclusion, this dissertation has answered several critical questions on EMIC-
driven electron precipitation, and raises new science questions to be addressed in future 
research to achieve a comprehensive understanding of electron precipitation driven by 
EMIC waves. The results develop within the Space Weather context and aid in addressing 
fundamental problems within the Earth’s magnetosphere and solar wind environments.  
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APPENDIX: Data from Various Satellites and Ground-Based Magnetometers 
This section describes in more details the datasets used in the dissertation. 
Specifically, I describe the Van Allen Probes (or Radiation Belt Storm Probes, RBSP), 
GOES, POES and FIREBIRD missions, as well as the typical properties of ground-based 
magnetometers in the CARISMA, ISEE, SGO and the British Antarctic networks. While 
the Van Allen Probes are useful to provide wave observations and particle data near the 
magnetic equator, Low-Earth-Orbit (LEO) satellites measure particle precipitation in the 
upper atmosphere. If these satellites are in magnetic conjunction, it is possible to relate 
wave observations to the resulting precipitation. Ground-based stations are useful to 
provide more information on the EMIC wave extent, especially when observations in the 
magnetosphere are not available, although using the magnetometers alone is insufficient to 
infer the source region of EMIC waves (due to ionospheric ducting). 
A.1 Van Allen Probes or Radiation Belt Storm Probes (RBSP) 
The Van Allen Probes or Radiation Belt Storm Probes (RBSP) is a NASA mission 
with the goal to understand (and predict) how the populations of relativistic electrons and 
energetic ions in the radiation belts surrounding the Earth (Fig. 68) are generated and 
change in response to solar wind parameters. Specifically, the objectives of the Van Allen 
Probes mission are to understand the physical mechanisms driving enhancements and 
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losses of radiation belts, as well as how ring current and other geomagnetic processes affect 
the radiation belt dynamics (Mauk et al., 2013). 
 
Fig. 68: The structure of Earth's radiation belts, together with the location of geosynchronous 
satellites, low-earth orbit spacecraft and Van Allen Probes. Credits to NASA. 
Both Van Allen Probes were launched in August 2012 and deactivated in 2019 when 
they ran out of fuel. Their orbits are highly elliptical, at low inclination (~10° within the 
magnetic equator), with perigee of ~600 km and apogee ~5.8 RE. One spacecraft laps the 
other every ~2.5 months, due to the slightly different orbits, which allows their spatial 
separations to vary from 0.1 to 5 RE. 
Van Allen Probes are equipped with the identical set of science instruments. For the 
research conducted in this dissertation, I used the Energetic Particle, Composition and 
Thermal Plasma Suite (ECT; Spence et al., 2013) for the in situ particle data and the 
Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS; Kletzing 
et al., 2013) to analyze wave and field data. An illustration of the instruments onboard Van 
Allen Probes is shown in Fig. 69. 
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Fig. 69: Comparison between the RBSP particle measurement requirements and instrument 
capabilities for a range of energies and species to be observed (top) and frequencies of waves 
and fields to be detected (bottom). Adapted from Mauk et al. (2013). 
The ECT particle suite is comprised of three different instruments that provide the 
pitch angle and energy distributions of electrons from few eV to >10 MeV and protons 
from few eV to 10s of MeV. The instruments are: Magnetic Electron Ion Spectrometer 
(MagEIS), Relativistic Electron Proton Telescope (REPT), and Helium, Oxygen, Proton 
and Electron Mass Spectrometer (HOPE). The EMFISIS waves instrument provides a 
comprehensive set of magnetospheric wave properties through measuring magnetic and 
electric fields with frequencies from ~10 Hz up to 12 kHz with the Waveform Receiver 
(WFR) and over 10–500 kHz with the High Frequency Receiver (HFR) (Kletzing et al., 
2013). Specifically, for EMIC waves, we use the tri-axial fluxgate magnetometer (MAG) 
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which provides observations of the magnetic field vector and waves with frequencies less 
than 32 Hz. Plasma density is inferred from the upper hybrid resonance frequency detected 
by the High Frequency Receiver (HFR; Kurth et al., 2015). 
A.2 NOAA POES/MetOp 
The Polar Orbiting Environmental Satellites (POES) from National Oceanic and 
Atmospheric Administration (NOAA) and the Meteorological Operational (MetOp) from 
the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) 
constitute a constellation of LEO satellites, which carry a suite of instruments to detect ion 
and electron fluxes at different pointing directions and energies (Evans and Greer, 2004). 
These multiple spacecraft obit at 800–850 km altitudes with periods of ~100 min, covering 
different MLT sectors, as shown in Fig. 70. The list of launched POES is in Table 2. 
 
Fig. 70: Color-coded NOAA/POES/MetOp locations in MLT and ILAT. Adapted from Sandanger 
et al., (2015). 
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Spacecraft Operation 
NOAA-15 1998 – present  
NOAA-16 2001 – 2014  
NOAA-17 2002 – 2013  
NOAA-18 2005 – present  
MetOp-A (MetOp-02) 2006 – present  
NOAA-19 2009 – present  
MetOp-B (MetOp-01) 2012 – present  
MetOp-C 2018 – present 
Table 2: POES/MetOp satellites and operational timeline. 
The Medium Energy Proton and Electron Detector (MEPED) is the instrument that 
provides measurements of electron and proton fluxes at the energies listed in Table 3 
(Evans & Greer, 2014; Green, 2013; Rodger et al., 2010), which is part of the Space 
Environment Monitor-2 (SEM-2) suite. The detector allows measurements at zenith (0° 
telescope) and perpendicular to it (90° telescope), which allows to probe the precipitating 
and trapped (or quasi-trapped) populations, respectively, at high latitudes. The half-angle 
field-of-view is of ~15° (Fig. 71).  
 
Fig. 71: Geometry of POES/MEPED detectors, with an example of bounce loss cone at high 
latitudes. Figure edited from Nesse Tyssøy et al. (2016). 
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The electron channel that measures relativistic electrons, called E4, is a virtual 
electron energy channel: it is obtained from the P6 proton channel which is significantly 
contaminated by electrons >700–800 keV (Carson et al., 2012; Green, 2013; Rodger et al., 
2010; Yando et al., 2011). The P6 channel is more sensitive to relativistic electrons, given 
its effective energy at ~879 keV (Peck et al., 2015), and thus used as an electron channel. 
The new POES/MetOP data available at 
https://satdat.ngdc.noaa.gov/sem/poes/data/processed/ngdc/uncorrected/full/ provides the 
E4 measurements through the algorithm described in Green (2013): counts in P6 are 
associated with electrons and not protons only if counts in the P5 channels are less than 3. 
The sampling rate of POES/MetOp data is 2s. 
Species 
Energy range 
(nominal) 
[keV] 
Energy 
range (from 
Green, 2013) 
[keV] 
Channel 
name Type  Pointing Contaminant 
Electrons >30 >40 E1 integral 90°, 0° 210–2700 keV p 
Electrons >100 >130 E2 integral 90°, 0° 280–2700 keV p 
Electrons >300 >287 E3 integral 90°, 0° 440–2700 keV p 
Electrons >700 >612 E4 (P6) integral 90°, 0° - 
Protons 30–80 30–80 P1 differential 90°, 0° - 
Protons 80–240 80–250 P2 differential 90°, 0° - 
Protons 240–800 250–800 P3 differential 90°, 0° - 
Protons 800–2500 800–2500 P4 differential 90°, 0° - 
Protons 2500–6900 2500–6900 P5 differential 90°, 0° - 
Protons >6900 >6423 P6 integral 90°, 0° >612 keV e 
Table 3: POES/MetOP MEPED energy channel information. The pointing is provided with 
respect to zenith. “p” indicates “protons” and “e” indicates “electrons. 
The SEM-2 suite onboard POES/MetOp also includes the omni-directional (OMNI) 
detectors built to mainly detect solar particle events (SEP). The energy ranges are listed in 
Table 4. The P6OMNI channel is also sensitive to >3 MeV electrons; therefore, if no signal 
is detected at higher energy channels, the P6OMNI likely measures >3 MeV electrons and 
not SEPs (Sandanger et al., 2009). As a result, P6OMNI can be used to check if EMIC-driven 
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precipitation is extending to ultra-relativistic (>MeV) energies as well. The half-angle 
field-of-view for OMNI channels is ~60°. 
Channel name Energy range [MeV] Contaminant 
P6OMNI >16  >3 MeV electrons 
P7 OMNI >35 - 
P8 OMNI >70 - 
P9 OMNI >140 - 
Table 4: Characteristics of OMNI proton channels. Adapted from Sandanger et al. (2009). 
It is noteworthy that, although unphysical, sometimes the trapped proton flux is lower 
than the precipitating one (Lyons & Evans, 1984), as shown in Fig. 32A and Fig. 34A. 
Proton channels are indeed affected by radiation damage over time, and such detector 
degradation leads to a higher energy threshold of the proton channels than the nominal one. 
Since the 90° telescope undergoes more radiation damage, its threshold increases more 
significantly than the 0° one; therefore, the trapped flux might result in a lower value than 
the actual value (e.g., Asikainen et al., 2012; Dubyagin et al., 2018; Galand & Evans, 2000; 
Sandanger et al., 2015). In this dissertation, however, the absolute value of the proton 
fluxes is not required, and thus correcting the data for radiation damage is not necessary.  
 
A.2.1 Proton contamination 
An important caveat of POES/MetOp satellite is that electron channels can be 
contaminated by proton channels as shown in Table 3. In some cases, this contamination 
is severe. If both protons and electrons precipitate simultaneously (as it is frequently the 
case for EMIC-driven precipitation) and if electron channels are contaminated by 
precipitating protons, the two populations cannot be correctly distinguished. The 
contamination evaluation is performed in detail in Yando et al. (2011). Through a Monte 
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Carlo simulation, Yando et al. (2011) derived the response of the P and E channels to 
protons and electrons and show that E channels respond to 210–2600 keV protons with 
geometric factors of 0.01 cm2 sr. In addition, Yando et al. (2011) showed that the P6 
channel can be used as a virtual electron channel (E4) as mentioned above. The proton 
response of the electron channels is shown in Fig. 72, where one can clearly see that protons 
between 210–2700 keV can be detected by the E1, E2 and E3 channels. 
 
Fig. 72: Response of the electron channels E1, E2 and E3 to protons with proton channel P2, P3 
and P4 boundaries indicated. Adapted from Yando et al. (2011). 
In order to avoid this caveat, I will briefly describe the routine implemented in Peck 
et al. (2015) used to remove the proton contamination from the electron channels, which 
has been used in this dissertation. In order to estimate the proton contamination, the routine 
calculates the proton differential flux spectra from the five MEPED proton energy channels 
following the inversion method in O’Brien & Morley (2011). Then, the proton 
contamination in the electron channels is derived by considering the response of electron 
channels to protons. The electron counts are finally corrected for proton contamination and 
the routine calculates the differential energy fluxes. 
P2 P3 P4
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The key equation of this method is shown below. The unknown is the differential 
flux f in counts/s/cm2/sr/keV units, which is obtained by solving the “inversion problem”. 
𝑦 ≈ 	𝜆 = 	𝛿𝑡  𝐺(𝐸)	𝑓(𝐸)	𝑑𝐸5  
y is the vector of measured counts from POES for each Ny channels used in the 
inversion, λ is the vector of expected counts calculated by the inversion method, E is the 
energy, G(E) is the vector of response functions for MEPED at energy G, assumed from 
Yando et al. (2011), and δt is the integration instrument time (2s in this work). This 
equation is discretized to find a numerical solution. 
The differential flux f(E) for protons is calculated by fitting the measurements y to a 
function of combined weighted spectra for energy exponential, power law, single and 
double relativistic Maxwellian. The weights and parameters in these possible spectral 
shapes are evaluated through a best fit. The resulting f(E) is then used to obtain the number 
of proton counts detected by the electron channels by using the electron G(E) and the 
associated error in each electron channel. The obtained proton counts are then subtracted 
by the observed electron ones to obtain the corrected electron rates. In this dissertation, the 
corrected electron rates are multiplied by the geometric factors in Table 3-2 in Green 
(2013).  
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Fig. 73: Example of a severe proton contamination case (precipitation event of 24 September 
2013). Left: comparison between electron and proton count rates. Right: Comparison between 
corrected count rates (magenta) using Peck et al. (2015) routine with the uncorrected (original) 
count rates (black). 
However, under specific circumstances, this routine can fail at removing proton 
contamination properly, leaving the electron channels contaminated. The uncertainties in 
these cases are too high and proton contamination still remains even after removal. 
Therefore, the routine is not always reliable. More specifically, the proton contamination 
is severe and harder to remove through this routine when the E1, E2 and E3 count rates are 
lower within ~1 order of magnitude of P2, P3 and P4 and resemble the trend of proton 
rates. An example of severe proton contamination is shown in Fig. 73 (left plot), which is 
the event occurring on 24 September 2013 observed by MetOp-01. If we compare the 
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corrected count rates (magenta) to the original ones (black) in Fig. 73 (right plot), one could 
find that, not only there are many data gaps, but also that the corrected count rates have 
very similar values to the original data. Other examples of significant proton contamination 
(that also leads to corrected count rates very similar to the original count rates) are shown 
in Fig. 74. Overall, E1 channel is rarely reliable since the P2 contamination is frequently 
significant. For this reason, we do not show the E1 data in our research. Instead, Fig. 75 
shows an example when proton contamination is significant only for the E1 channels, but 
not for E2-E3; therefore, the routine can be applied and reliable. 
 
   
Fig. 74: Another example of severe proton contamination for the first two precipitation peaks of 
the precipitation event on 21 November 2017 (over ~00:19:00 to 00:19:40 UT). Left: comparison 
between electron and proton count rates. Right: Comparison between corrected count rates 
(magenta) using Peck et al. (2015) routine with the uncorrected (original) count rates (black); 
corrected counts still approximately have the same values as the original count rates, as if proton 
contamination was not removed at all. 
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Fig. 75: Comparison between electron and proton count rates. Contamination is likely occurring 
for only E1, but not E2 and E3 since these count rates are higher than those in P3 and P4. 
Another caveat of Peck et al. (2015) routine is that, as mentioned above, proton 
channels are affected by radiation damage; therefore, their nominal energy channel ranges 
vary with time. Peck et al. (2015) method does not account for such degradation and thus 
the resulting electron fluxes will be overestimated since the proton count rates are 
themselves higher than the real values (Nesse Tyssøy et al., 2016). Nesse Tyssøy et al. 
(2016) proposed a method that accounts for the degradation of proton channels, but this 
method has not been explored in this dissertation. 
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A.3 FIREBIRD 
Focused Investigations of Relativistic Electron Burst Intensity, Range and Dynamics 
(FIREBIRD) twin CubeSats were operational from December 2013 to June 2014 (Johnson 
et al., 2020; Klumpar et al., 2015; Spence et al., 2012). They have recently been replaced 
by FIREBIRD-II (hereafter simply FIREBIRD) launched on 31 January 2015, currently 
still operational. The goal of both missions is to resolve the spatial scale size and energy 
dependence of electron precipitation for microbursts (~100 ms enhancement of electron 
precipitation in the upper atmosphere), and relate these to the processes in the Van Allen 
radiation belts. The advantage of having two spacecraft, one leading and one following, 
allows to disentangle spatial from temporal structures and identify the spatial extent of 
precipitation. Ultimately, the goal of FIREBIRD is to answer a more general question “how 
much total electron loss from the radiation belts do microbursts produce globally?”. 
Both FIREBIRD-I and FIREBIRD-II missions are identical and comprised of two 
twin 1.5U 2 kg CubeSats. The key instrument of each unit (FU1 and FU2 for FIREBIRD-
I, and FU3 and FU4 for FIREBIRD-II) is called FIRE (Focused Investigations of 
Relativistic Electrons) developed at University of New Hampshire. This allows to measure 
electron precipitation in 5 differential channels and one integral channel, ranging from 
~250 keV up to >~1 MeV. The energy thresholds of these channels can be slightly varied, 
depending on the campaign, similarly to the sampling rate, which can be as fast as 12.5 ms. 
One solid state detector (surface) has a wide field of view, while the other (collimated) 
measures electron precipitation within ~60°, which is the one we focused on to observe 
precipitating electrons. FIREBIRD travels in a 632 x 433 km orbit with 99° inclination and 
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a ~90 min orbital period (Crew et al., 2016; Shumko et al., 2018). Count rates are converted 
to fluxes at the central energy of the differential energy channels and at the lowest channel 
boundary for the integral channels using a GEometry And Tracking (GEANT4) simulation. 
GEANT4 modeling has been performed to study the proton response of the electron 
detector of FIREBIRD. Fig. 76 shows the geometric factor G of the collimated detector for 
an energy range of incident protons, for each of the 6 channels. The G-factor is significant 
only for protons of energies 1–2 MeV, with very narrow responses for the differential 
energy channels and > ~2 MeV for the integral energy channel. Therefore, only a proton 
flux at ~MeV energies would be detected by FIREBIRD. EMIC waves only scatter 10s-
100s keV protons and very unlikely drive proton precipitation at MeV ranges. The electron 
geometric responses estimated from GEANT4 are shown in Fig. 77, where one can see the 
narrow bands defining the differential energy channels. 
The mission is campaign-driven and high-resolution data is downloaded only within 
specific time intervals, often targeting interesting conjunctions (e.g., RBSP, PFISR, 
POES). Previous works (Breneman et al., 2017; Crew et al., 2016; Shumko et al., 2018) 
have focused on investigating microburst characteristics and spatial/temporal structure 
using the twin CubeSats, however, FIREBIRD has the potential of being used for a variety 
of analyses, such as EMIC-driven precipitation as shown in this dissertation. For this 
purpose, high energy resolution of FIREBIRD data is extremely useful to understand how 
low the minimum energy of precipitation electrons can be, without any proton 
contamination affecting the observations. The high time resolution, instead, provides 
insights to the smaller structures in the precipitation patterns. 
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Fig. 76: Geometric factor of the FIREBIRD collimated detector proton response, as a function of 
proton energy, color-coded for each energy channel. Courtesy of Arlo Johnson, Montana State 
University. 
 
Fig. 77: Geometric factors of the electron response of FIREBIRD electron channels. Courtesy of 
Arlo Johnson, Montana State University. 
A.4. Geostationary Operational Environmental Satellites (GOES) 
The Geostationary Operational Environmental Satellites (GOES) constellation is 
situated at geosynchronous orbit (~6.6 RE) and provides measurements at a wide range of 
magnetic local times. These satellites are operated by the National Oceanic and 
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Atmospheric Administration (NOAA). All spacecraft carry on board the Space 
Environment Monitor (SEM) instrument, which includes a magnetometer, an energetic 
particle detector and a soft X-ray one. Solar X-ray Imagers and EUV sensors have also 
more recently been introduced to monitor solar activity. For the research conducted in this 
dissertation, I used the orthogonal flux-gate magnetometer located at the end of the 8.5 m 
boom, which provides the magnetic field components in the vicinity of the spacecraft: Hp 
(perpendicular to the satellite’s orbital plane), He (parallel to the GOES-Earth center line, 
earthward), and Hn (completing the triad, eastward). The magnetometer dynamic range is 
of ±512 nT in any direction, with 0.03 nT in resolution and sampling rate at 0.512 s (from 
the GOES Data Book). 
In the dissertation research, GOES observations are useful to provide additional in-
situ EMIC wave observations when the RBSP data are not available. EMIC wave spectra 
are obtained with a Fast Fourier Transform of the magnetometer data. The GOES location 
(L and MLT) is calculated from their fixed latitude and longitude with the International 
Radiation Belt Environment Modeling (IRBEM) library, available at: 
https://sourceforge.net/projects/irbem/. 
A.5 Ground-based Stations 
As mentioned in Chapter 1, EMIC waves approximately propagate along field lines 
and penetrate through the ionosphere and are observable by ground-based magnetometers 
in the Pc1 (0.2–5 s or 0.2–5 Hz) and Pc2 (5–10 s or 0.1–0.2 Hz) bands. Fluxgates and 
search (or induction) coils are the magnetometers generally used at ground stations. Both 
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can provide the magnetic field vector measurements below 1 Hz, however, the fluxgate is 
generally used for longer-period variations and frequencies of a few 10s mHz, while the 
induction coil detects the higher frequency variations (> 10s mHz). A fluxgate is made of 
a highly magnetically permeable core, wrapped in two coils. As an alternating current is 
transmitted to one coil and the other coil detects the current induced in the magnet. A search 
coil instead is based on the Faraday’s law: the variations of the magnetic field through the 
closed wire wrapped around a magnetic core are measured as the induced current. 
The many arrays of ground-based stations spread across North America, Europe, 
Russia, and Antarctica. Out of these, for the dissertation, I have used stations belonging to 
the CARISMA (Canadian Array for Realtime Investigations of Magnetic Activity; Mann 
et al., 2008), SGO (Sodankylä Geophysical Observatory), ISEE (Institute for Space-Earth 
Environmental Research) networks, and the British Antarctic Survey. Maps of the 
magnetometers in these arrays are shown in Fig. 78. 
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Fig. 78: Maps of ground-based magnetometer array: A) CARISMA, B) SGO, C) British Antarctic 
Survey, D) ISEE. 
I used the FGM (fluxgate magnetometer) instrument from CARISMA, which 
measures the magnetic field variations at a frequency of 8 Hz and 0.025 nT resolution. 
Magnetometers in the SGO array are fluxgates and sample at 40 Hz, while those in the 
ISEE array are induction (search) coils with sampling rate of 64 Hz. The Halley station is 
provided with a search coil with 10 Hz sampling rate.  
For reference, the geographical coordinates and L and MLT conversions from the 
associated International Geomagnetic Reference Field (IGRF, year 2009) for the stations 
used in this dissertation are provided in Table 5. To obtain the L shell with a different IGRF 
year model, I have used the conversion available at 
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https://omniweb.gsfc.nasa.gov/vitmo/cgm.html, fixing the station altitudes at 100 km. To 
obtain the MLT conversion, I have used the Altitude Adjusted Corrected Geomagnetic 
Coordinates (AACGM) (an extension of the corrected geomagnetic coordinate, CGM) 
calculator available at http://superdarn.thayer.dartmouth.edu/aacgm.html (it requires the 
geographical coordinates, but not the altitude of the stations). 
Array Station Latitude N [°] Longitude E [°] L MLT 
SGO OUL 65.08 25.90 4.6 UT + 2 
CARISMA ISLL 53.856 -94.66 5.15 UT – 6.5 
Antarctica Halley -75.6 -26.3 4.7 UT – 2.8 
CARISMA MCMU 56.657 -111.21 5.35 UT – 8.1 
ISEE ATH 54.7 -113.3 4.4 UT – 8.3 
CARISMA MSTK 53.351 -112.97 4.22 UT – 8.1 
CARISMA PINA 50.199 -96.04 4.06 UT – 6.6 
Table 5: List of ground-based stations used in the dissertation, with geographical coordinates, L 
shell and MLT using the IGRF model. 
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